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ABSTRACT 
The study investigated South African Grade 10 Physical science learners’ reasoning about 
basic chemical phenomena at sub-microscopic level. The study adopted a non-experimental, 
exploratory and descriptive method and was principally guided by the ex-post facto research 
design using a concurrent embedded strategy of mixed qualitative and qualitative approach. 
A total of 280 grade 10 physical science learners in their intact classes and six of their 
teachers participated in the study. The 280 physical science learners comprised of 100 
students from two top performing schools, 100 learners from two middle performing schools 
and the last 80 learners were drawn from two poor performing schools in Gauteng 
Department of Education’s Tshwane North District. 
A two-tier multiple-choice paper and pencil Test of Basic Chemistry Knowledge (TBCK) 
based on the three levels of chemical representation of matter was administered to the 280 
physical science learners in their Grade 11 first term to collect both quantitative and 
qualitative data. In addition to the TBCK, focus group discussions (FGDs) with learners, 
teacher interviews and document analysis were used to triangulate data.   
The results revealed that most Grade 10 learners find it easy to identify pure elements and the 
solid state but find it difficult to negotiate between the three levels (macroscopic, sub-
microscopic and symbolic) of chemical representation of matter. It became clear that learners 
experienced more difficulties in the concepts of basic solutions, acidic solutions, 
concentration and ionic compounds in solution. It also became apparent that some learners 
could not tell differences between a diatomic element and a compound indicating conceptual 
problems when they reason at particle level, and as a result they could not identify a mixture 
of elements. The results also indicated that the concepts of pure compounds and mixtures of 
compounds were not easy to comprehend as most learners took a pure compound for a 
mixture of atoms and a mixture of compounds for a mixture of elements. It is therefore 
concluded that learners find it difficult negotiating the three levels of chemical representation 
of matter. However, it is not clear whether the misconceptions the learners showed could be 
completely attributable to the concepts involved or the nature of the sub-microscopic models 
that were used in the test as it was also revealed that most teachers were not using sub-
microscopic representations during instruction to enable learners to think at particle level. 
Furthermore, justifications to the multiple-choice tasks revealed lack of understanding of 
basic chemical concepts as well as language problems amongst learners as they could not 
clearly express their reasoning. Based on the results, some recommendations to educators, 
chemistry curriculum planners, teacher education and the chemistry education research field 
are suggested. 
Keywords: chemical concepts, chemical language, chemical phenomena, chemical triangle 
thinking model, macroscopic level, particulate nature of matter, sub-microscopic level, sub-
microscopic representations, symbolic level.   
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CHAPTER 1 
Introduction and Background 
South African secondary school learners obtain a National Senior Certificate (NSC) upon 
completing and passing the Grade 12 National Senior Certificate examinations, as an entry 
qualification into universities and other tertiary institutions as well as for general 
employment. The preparation for the NSC examination takes three years of further education 
and training (FET), comprising Grades 10, 11 and 12. The recent South African Department 
of Education National School Certificate examinations have revealed poor performance in 
physical sciences by Grade 12 learners (National Examinations and Assessment, 2008, 2009). 
In Gauteng Province for instance it was reported that learners experience more difficulties in 
the chemistry component of the physical sciences examination than in the physics component 
(Gauteng DoE Internal Moderators’ Report, 2009). The November 2009 physical science 
examination results recorded a record failure rate of 63.1% (36.9% pass rate) in South Africa. 
According to National Examinations and Assessment, (2008 and 2009), there has been a 
downward trend in the grade 12 physical science examinations. It should also be noted that 
2008 saw the introduction of the new National Curriculum Statement (NCS). Unlike the old 
curriculum, the NCS was not wholly assessed through public examinations. Whether poor 
performance could be attributed to this or not, it is very clear that teachers were probably not 
trained in the new methods of assessment which were required in the new NCS curriculum.  
The generally poor performance by candidates in physical science has been attributed to a 
number of factors, one of which is the new Outcome Based Education (OBE) assessment 
procedure that teachers are still not yet familiar with (National Examinations and Assessment 
Report, 2009). OBE is the procedure followed when assessing students under the new 
National Curriculum Statement (NCS). Under the new NCS which took effect in 2008, 
students are assessed in two parts, namely, School Based Assessment (SBA) which is 
continuous and constitutes 25% of the National School Certificate (NSC) assessment, and the 
national examinations which make up the remaining 75% (Gauteng Department of Education 
Abridged Report, 2008). This is unlike the previous Senior Certificate Examinations (SCE) of 
2005-2007 where assessment was wholly (100%) based on public examinations. 
 
The second reason why there was poor performance is the teacher factor. Many science 
teachers are unqualified to teach science in terms of subject matter training or lack of 
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professional qualifications (Mji and Makgato, 2006). For example, many life sciences trained 
teachers find themselves teaching physical science, a subject with specialized content 
(Gauteng Department of Education Internal Moderators’ Report, 2008). 
Table 1.0: National Results Figures for Grade 12 Physical Science (2005-2009) shows Grade 
12 Physical science results analysis for the period 2005 to 2009 (Gauteng Department of 
Education, 2009).  
Table 1.0: National Results Figures for Grade 12 Physical Science (2005-2009) 
Year No. Wrote No. Passed Percentage Pass Rate 
2005 62 337 45 652 73.2% 
2006 69 302 48 310 69.7% 
2007 71 172 48 122 67.6% 
2008 217 300 119 258 54.9% 
2009 220 882 81 562 36.9% 
Sources: National Grade 12 Physical Science Results, (2005-2009), Gauteng Department of Education, 
(2009) and National Examinations and Assessment, (2008-2009). 
The analysis shown in Table 1.0: National Results Figures for Grade 12 Physical Science 
(2005-2009) is clear evidence that performance in grade 12 physical science has been on a 
continuous downward trend and this is a cause for concern to many universities in South 
Africa (Onwu and Randall, 2006; Potgieter, Davidowitz, & Venter, 2008) especially in 2008 
and 2009. The pass rate tumbled from an average of 70.2% during 2005- 2007 period to 
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36.9% in 2009, indicating a serious problem. Notably, Table 1.0: National Results Figures for 
Grade 12 Physical Science (2005-2009) shows that while there was a huge increase in Grade 
12 enrolment from 62 337 in 2005 to 220 882 candidates in 2009, performance fell to 
shocking levels in 2008 and 2009. The huge drop in the percentage pass rate was a cause for 
concern, hence the need for this research study. The observation made about the declining 
performance by Grade 12 candidates as shown in Table 1.0: National Results Figures for 
Grade 12 Physical Science (2005-2009) motivated the researcher to undertake the study. 
According to National Examinations Assessment (2009), the candidates are said to have had 
difficulties specifically with concepts such as collision theory, differences between atoms, 
ions and molecules, balancing of equations and topics concerning organic chemistry and 
oxidation-reduction reactions. All the topics cited by the Department of Education (DoE) as 
problem areas involve the three levels of chemical thinking (macro, sub-microscopic and 
symbolic levels) and this is in line with numerous research findings that support the notion 
that the interplay between macroscopic and microscopic worlds is a source of difficulty for 
many chemistry learners (Sirhan, 2007). Examples include atomic structure (Zoller, 1990; 
Harrison & Treagust, 1996), balancing redox equations (Zoller, 1990), and chemical concepts 
concerning solutions, acids and bases (Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 
2004). Recently, Umesh and Aleyamma (2012) in their study about learning difficulties 
experienced by grade 12 South African students in chemical representation of phenomena, 
further substantiated the view by Devetak, Urbancic , Wissiak Grm, Krnel , & Glaser (2004) 
and Sirhan (2007) when they noted that students find it more difficult to answer questions 
demanding transformation (connecting the three levels of chemical representation).This 
crucial finding prompted the author to undertake an armchair analysis of the November 2009 
National Senior Certificate chemistry (examination) test items in terms of conceptual level 
demand as a possible source of difficulties which were faced by candidates.  
Below in Figure.1.1: Question No. 3.3 of the November 2009 physical science chemistry 
paper is a typical examination problem that required candidates to think at all three levels 
(macroscopic, sub-microscopic and symbolic) in which chemical concepts are 
conceptualized. The paper therefore was analyzed using three components of which 
chemistry is conceptualized, namely, macroscopic, sub-microscopic and symbolic levels. 
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Figure 1.1: Question No. 3.3 of the November 2009 physical science chemistry paper 
  
 
 
 
 
Diagrams P, Q and R represent different reaction mixtures of the following hypothetical 
reaction that is at equilibrium in a closed container at a certain temperature.  
X(g)  +   Y2(g)   =    XY(g)  +   Y(g)                       H > 0 
If at equilibrium Kc = 2, which diagram(s) correctly represent(s) the mixture at equilibrium? 
A. P only     B. Q only          C. R only    D.  P, R and Q 
The question involves all three levels and therefore requires thinking at all the levels. The 
macroscopic nature of the question is identified by the stated experimental aspect (a 
hypothetical reaction mixture at equilibrium in a closed container at a certain temperature) 
which is imaginable. The atomic, molecular and compound representations (joined and non-
joined circular particles) together with the counting of reacting particles present a sub-
microscopic challenge and require candidates to think along sub-microscopic lines. 
Distinguishing between atoms, molecules and compounds and imagining a reaction at 
equilibrium also add to the sub-microscopic nature of the question while interpretation of the 
key (X and Y symbols), formulation of the Kc expression and the final manipulation of it, 
entail symbolic level thinking.   
To solve this problem the candidate should know that Kc = [XY][Y] / [X][Y2]  = 2. For 
diagram P, Kc = [5][1] / [3][1] = 5/3, for diagram Q, Kc = [4][2] / [2][2] = 8/4 = 2 and for 
diagram R,  Kc = [3][3] / [3][3] = 1. According to this analysis Option B (Q only) is the 
X: Y: 
Diagram P Diagram Q 
Diagram R 
KEY 
Diagram R 
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answer to the question and this agrees with both the answer provided by the examiner 
(memorandum) and the (Kc = 2) given in the question.  
The assumption is that the nature of the test item, namely its conceptual demand, is what 
determines or triggers the requisite mental representation needed by the candidate to operate 
between the levels or to move from one level to another in order to successfully solve the 
task. A test item analysis was similarly done for the rest of the examination questions using 
the chemistry thinking model. In the preliminary analysis, whether poor performance could 
be attributed to the nature and type of questions was difficult to assess without the availability 
of an item difficulty index. It however became illuminating to undertake a study to evaluate 
learners’ reasoning and thinking about chemical ideas, using an assessment tool that is 
modeled on the three representational levels of chemistry thinking.  
 
The November 2009 chemistry paper forms the basis for this study and was therefore 
analyzed using the three components in which chemistry is generally conceptualized namely, 
macroscopic, sub-microscopic and symbolic levels of representation (Johnstone, 1993; 
Treagust, Chittleborough, & Mamiala, 2003; Devetak, Urbancic , Wissiak Grm, Krnel , & 
Glaser,  2004; Nahum, Hofstein, Mamlok-Naaman and Bar-dov, (2004); Sirhan, 2007; 
Devetak, Vogrinc, and Glazar, 2009). Indeed, the armchair analysis of the November 2009 
chemistry paper revealed that some items appeared to be essentially macroscopic or sub-
microscopic and or symbolic whereas some appeared to be a combination of two or three of 
the levels. In some cases it was not clear whether the question fell into one, or two, or three 
levels. Those that needed learners to operate at all three levels were the least. This is in line 
with Umesh and Aleyamma (2012) who after analyzing the same paper, confirm that the 
nature of the November 2009 chemistry paper questions required candidates to make 
connections or switch between the three levels of chemical representation.   
1.1 Background 
According to Johnstone, (1993); Treagust, Chittleborough, and Mamiala (2003); Nahum, 
Hofstein, Mamlok-Naaman and Bar-dov, (2004); and Sirhan, (2007), the macroscopic level is 
real and may take the form of experiments which are visible; the sub-microscopic level is 
invisible but real and deals with atoms, molecules and ions; and the symbolic level is the 
chemical language expressed as formulae, symbols, chemical equations, pictorial 
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representations, graphs and mathematical representations. These levels of chemical 
representation in line with what (Devetak, Urbancic, Wissiak Grm, Krnel D, & Glaser, 2004; 
Devetak, Vogrinc, and Glazar, 2009), envisage to constitute chemistry thinking. In other 
words, the macroscopic level entails information that stimulates the senses (such as 
experiments to generate interest in learners), the sub-microscopic level entails theories about 
things or entities we cannot see, or even imagine (such as the particulate nature of matter to 
explain observable experiments occurring at the macroscopic level). Devetak, Urbancic, 
Wissiak Grm, Krnel, & Glaser, (2004) attribute the complexity of chemistry teaching and 
learning to the relationship between the three levels and the abstract nature of chemistry 
itself. It is against this conceptual framework that an attempt was made to analyze the 
November 2009 chemistry paper in order to gain insight into the nature and type of questions 
that were predominantly set and to establish whether it was or not a possible source of 
difficulty. 
Research into school chemistry teaching and learning has become important in the South 
African context because of the increasing awareness that first year post-matriculation learners 
who gain admission into chemistry courses or science teacher education courses at FET 
(Further Education and Training) level, still hold misconceptions or overly simplistic 
conceptions of the particulate nature of matter (Harrison, 2000; Harrison and Treagust, 2002; 
de Jong et al., 2005; Onwu and Randall, 2006).  Studies (Onwu and Randall, 2006; Potgieter, 
Davidowitz,  & Venter, 2008)  led one to conclude that in  some South African universities 
many first year students have inadequate understanding of basic chemistry  concepts that 
ought to have been understood at secondary school level. While students show some evidence 
of learning and understanding in their  performance in public examinations, researchers also 
found evidence of misconceptions and rote learning (learning without conceptual 
understanding) in certain areas of basic chemistry even at degree-level (Johnstone, 1984; 
Bodner, 1991; Harrison and Treagust, 2002; De Jong et al., 2005; Onwu and Randall, 2006; 
Sirhan, 2007). 
Research (Harrison and Treagust, 2002) points out that there is tension between teaching 
macroscopic chemistry and the difficulties of explaining macroscopic changes in terms of the 
behavior of sub-microscopic particles. This tension has been ascribed to how and when to 
deal with the three levels in which chemistry is portrayed. Teachers are not sure as to how 
and when to make the connections, thus, they lack pedagogical content knowledge (PCK) of 
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teaching chemistry involving all three levels of chemical thinking (Cohen, L., Manion, L., & 
Morrison, K.,2000; de Jong, Van Driel, & Verloop (2005).  Johnstone (1991) and Gabel, 
Briner, &Haines (1992) ascribe part of the tension to whether or not the particulate model is 
best explained at the macroscopic, sub-microscopic, and/or symbolic level. The conceptual 
demands of switching between models and phenomena can be daunting (Anderson, 1990) 
and this becomes an impediment to the learning of chemical concepts.  
It then became interesting to investigate how Grade 10 physical science learners reason about 
the particle nature of matter due to the fact that they try to make connections between 
macroscopic, sub-microscopic and symbolic levels of chemical thinking since they are not 
experienced problem solvers. The South African grade 10 physical science (chemistry) 
curriculum introduces learners to the particulate nature of matter in more detail  than in grade 
8 and 9 and it lays foundation to the matric examinations in grade 12. At grade 8 and 9 (the 
first year of secondary school) learners are introduced mainly to symbolic representations, in 
the form of learned rules (chemical symbols, formulae and equations), and have limited 
exposure to macroscopic and sub-microscopic representations (Umesh and Aleyamma, 2012) 
and this persists through grade 10, where physical science is by choice (not compulsory) right 
up to grade 12, the matric year or the final year of secondary education. Due to this, learners 
resort to rote learning of symbols, chemical formulae and equations (Umesh and Aleyamma, 
2012) and there is no proper understanding of the concepts involved. As a result the novice 
learners do not appear consciously to internalize the chemical meaning of the task (Onwu and 
Randall, 2006), instead, they resort to strategies that are tied to the salient or surface features 
of the chemical task at the expense of the task goal (Onwu, 1996, 2002).  
According to Onwu & Randall (2006), “the experienced chemist is comfortable on all three 
levels of communicating chemical concepts and can easily move from one level to the other, 
while the novice learner is comfortable in none of these levels and has difficulty relating one 
level to the other”. Other studies (Johnstone, 1991; Johnson, 1998; Gabel, 1999) also show 
that learners find it easier and more fun to deal with  observable chemical activities, in other 
words macroscopic chemistry such as practical work involving experiments rather than 
handling theoretical concepts (concepts by definition) which require conceptual 
understanding, and the language facility to express the latter.  
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Arguably, for learners’ conceptual understanding in physical science lessons, the physical 
science educator’s instructional approach ought to be presented in ways that seek to 
emphasize and incorporate in a balanced way all three levels of representational thinking for 
optimal learners` understanding and performance.  
Although the particle theory serves to explain some chemical phenomena, chemistry learners 
generally have difficulty transferring from one level of representational thinking to another 
(Onwu and Randall, 2006; Treagust et al, 2010; Umesh and Aleyamma, 2012). In addition, 
‘chemistry is often regarded as a difficult subject, an observation which sometimes repels 
learners from continuing with studies in chemistry’ (Sirhan, 2007). As has been noted in 
South Africa, learners find particle concepts difficult to conceptualize and there is limited 
instruction about particles in Grades 8 and 9 (Umesh and Aleyamma, 2012). It was then 
useful to direct research attention at finding out what Grade 10 chemistry learners do not 
know about concepts like particle theory and how they reason about the particulate model 
with a view to making appropriate instructional recommendations.  
The use of the particulate nature of matter to relate macroscopic phenomena is not always 
apparent to learners. In a study by Harrison (2000), secondary school teachers also hold some 
of the alternative conceptions held by their students, indicating that the topic demands high 
levels of conceptualization. This is in line with de Jong, Van, & Verloop (2005) when they 
emphasized the need to teach the particulate nature of matter to pre-service postgraduate 
chemistry teachers so as to enable them to develop the pedagogical content knowledge (PCK) 
necessary for them to use when using particle models in teaching. In addition, Onwu and 
Randall (2006) point out that very few studies have investigated students’ ability to relate 
observable phenomena to sub-microscopic entities using pictorial representations of the 
particle model and yet particle ideas are fundamental to all physical and chemical 
explanations.  
It, therefore, can be assumed that more research is needed in this field, ‘students’ 
understandings about the particulate nature of matter’ as it has become evident that students 
find it difficult to relate the macroscopic world to the sub-microscopic one. This is in line 
with Onwu and Randall (2006) when they suggest that such research has become necessary in 
the South African context due to the fact that there is a growing recognition or awareness that 
post matriculation students, who gain entry into chemistry courses and science teacher 
9 
 
education programmes, still hold incorrect (over simplistic) conceptions of the particulate 
nature of matter. The fact that post matriculation students still hold over simplistic 
conceptions of the particulate nature of matter informed and motivated the researcher to 
investigate novice (Grade 10 physical science) learners’ reasoning about basic chemical 
phenomena using particle model representations. It, therefore, became necessary to 
investigate how grade 10 physical science learners reason at particle level as they try to make 
connections between levels of chemical thinking, as the particulate nature of matter appears 
to be a difficult and abstract concept. The misconceptions about the particulate nature of 
matter persist through grade 10 up to postgraduate level, thus, suggesting that the topic is a 
difficult and/or abstract concept for students. Again, this interesting observation calls for 
more research in this field, particularly in the early years of secondary chemistry education. 
Four instruments, namely; Test of Basic Chemical Knowledge (TBCK), Focus group 
discussions, Teacher interviews and Document analysis were used to gather data. The Test of 
Basic Chemical Knowledge was used to collect data on the learners’ levels of achievement 
when solving basic chemical concepts that required them to make connections between the 
three levels in which chemistry is conceptualized which are macroscopic, sub-microscopic 
and symbolic levels. Focus group discussions were carried out soon after the TBCK test in 
order to determine some of the ways learners reasoned and why they reasoned the way they 
did. Teacher interviews were used to establish some of the ways teachers went about 
communicating chemical concepts using the three levels of chemical representation while 
document analysis was used to triangulate data on the way the learners were taught and to 
determine whether or not this had a direct bearing on the way they reasoned and why they 
reasoned the way they did. 
Here under are some of the commonly known students’ conceptions of the particulate nature 
of matter: students from junior high school to senior high school to university held concepts 
that were consonant with perception of matter as continuous medium, rather than an 
aggregation of particle, Nakhleh (1992); students consistently and erroneously have the view 
that matter is continuous and attribute macroscopic properties of matter to its sub-
microscopic particles (Johnston, 1998; Harrison and Treagust, 2002); students hold common 
conceptions that molecules are in substances, rather than that substances are made up of 
molecules (Onwu and Randall (2006); students use the macroscopic properties of a substance 
to infer its particle properties (Krnel, Watson & Glazar, 1998) and hold notions that 
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molecules in ice are heavier than those in liquid, with molecules of water in the gaseous 
phase being the lightest; novice learners believe that copper atoms are red-brown because 
copper is red and/or that chlorine atoms are green because chlorine gas is yellowish green in 
colour (Ingham and Gilbert, 1991).  
Research (Harrison and Treagust, 1996, 2002) attributes misconceptions held by students to 
their inexperience in the use of scientific models, lack of intellectual maturity and lack of 
adequate and appropriate mental representation or mental model.  Treagust et al., (2010) 
suggest careful and explicit use of representational models, in order for chemical concepts to 
make sense. There seems to be some tension between the use of representational models in 
explaining chemical concepts and chemistry discipline itself, hence the above mentioned 
suggestion. Students are unable to solve chemistry tasks since in most cases the chemical 
concepts on which the tasks are based do not make sense to them (Onwu and Randall, 2006).  
The purpose of study was to determine how Grade 10 physical science learners reason about 
the use of sub-microscopic representations to explain macroscopic events.  Using pictorial 
representations based on basic chemical phenomena learners were required to distinguish 
between atoms, molecules, mixtures and compounds and to present or identify concentrations 
of different solutions using the same or different volumes of solvent. In addition, learners 
were required to identify diagrams that depicted the behavior of bases, acids and soluble ionic 
compounds in solution. Learners were required to deduce meaning from sub-microscopic 
representational diagrams presented to them in order to show their understanding of the 
particle nature of matter. 
Although several studies of secondary school learners’ conceptions about the particulate 
nature of matter have been undertaken (Harrison and Treagust, 2002; Justi and Gilbert, 2002; 
Singer, Tal, & Wu, 2003; Emine and Adadan, 2006; Onwu and Randall, 2006), it is not clear 
how learners reason with regard to the way sub-microscopic particles are presented in 
representational models. Since representational models are not always understood, it was of 
interest to investigate how novice learners’ reasoning and use of schematic or pictorial 
representations of particle models contribute to the cognitive and or communication gap if 
any, between them and the chemistry teacher and or chemistry textbooks. 
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The study focused on how learners reason about the particulate nature of matter to relate 
macroscopic phenomena to sub-microscopic particles. The results and discussions of the 
main findings of the study are presented in chapter 4. 
1.2 Statement of the Problem  
The problem of this study was to determine how Grade 10 learners reason about the particle 
theory using representational models of sub-microscopic entities to solve tasks in basic 
chemistry.  
1.3 Research Questions 
The following research questions have been addressed in this study: 
(a) What are Grade 10 physical science learners’ levels of achievement in reasoning 
about basic chemical phenomena using sub-microscopic representational models?  
(b) How do Grade 10 physical science learners reason about basic chemical phenomena 
using sub-microscopic representational models?  
(c) Why do Grade 10 physical science learners reason the way they do about basic 
chemical phenomena using sub-microscopic representational models? 
1.4 The Rationale of the Study 
Firstly, poor performance in the November 2009 chemistry paper of the National Senior 
Certificate examinations was the driving force and it is what motivated this study. Grade 12 
candidates experienced more problems with the chemistry component than the physics 
component (DoE Internal Moderators’ Report, 2009). As mentioned earlier, this interesting 
finding by the Department of Education prompted the author to carry out an armchair 
analysis of the paper in the hope to establish the nature of the questions, and to ascertain 
whether this was a possible source of difficulty. 
Secondly, because of the growing recognition that post-matriculation learners who gain entry 
into science courses, including science teacher education courses in tertiary institutions in 
SA, still hold incorrect and/or over simplistic conceptions of the particle theory of matter, this 
study helped to shade light on learners’ understanding of basic chemical phenomena which 
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may lead to instructional improvements in physical science at secondary school level in 
South Africa.  Complete understanding of basic chemical concepts is fundamental to the 
learning of chemistry, and this is a pre-requisite expected of secondary physical science 
students prior to tertiary institutions’ science courses and science teacher education 
programmes. 
Thirdly, very few studies have investigated learners’ ability to relate observable phenomena 
to sub-microscopic entities using pictorial representations of the particle model and as such 
understanding how they reason with regard to this matter has become very important. We 
need to gain better insight into learners’ conceptions and learning difficulties with regard to 
specific topics in chemistry (in this case, the particle theory) to make chemistry more sensible 
and meaningful (Lederman, Gess-Newsome, and Lartz, 1994; Gilbert and Treagust, 2009; 
and Davidowitz and Chittleborough, 2009). To gain more and better insights into learners’ 
conceptions and learning difficulties with regard to particle theory a way of learning, teaching 
and assessing chemistry that links three levels of chemical concepts (macro, sub-micro and 
symbolic levels)  are rarely practiced  in our secondary schools (Devetak, Urbancic, Wissiak 
Grm, Krnel D, & Glaser, (2004) should be sought. In fact this way of learning, teaching and 
assessing chemical concepts is fairly new in South Africa; hence the need to carry out a study 
that makes use of the way chemistry is thought to be conceptualized as a tool to evaluate how 
learners reason about some basic chemical phenomena at Grade 10 level. 
Although similar studies (Onwu and Randal, 2006; Devetak, Urbancic, Wissiak Grm, Krnel , 
& Glaser, 2004; Devetak, Vogrinc, & Glažar, 2007, 2009), have been carried out elsewhere 
including South Africa, this study was carried out in a different context,  grade 10 physical 
science learners in South Africa. It became crucial to investigate how grade 10 physical 
science learners reason about chemical phenomena using particle representational model, 
since grade forms the foundation phase of the matric physical science course and 
examinations in South Africa. 
1.5 Significance of the Study 
The study is considered significant because of the scientific contribution the findings are 
expected to make to knowledge in the field. It provided insight into beginner chemistry 
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learners’ ways of reasoning when they attempt to solve chemical problems that require the 
use of macroscopic, sub-microscopic or symbolic levels of representation, as well as the 
nature of the difficulties they experience, in trying to solve such problems. Indeed, grade 10 
physical science learners showed many problems as they tried to make connections between 
the three levels of chemical conceptualization. Beginner learners’ understanding of particle 
theory has important epistemological implications for teaching and learning chemistry at 
school level and it was important to reassess what, how, and why we educate learners in this 
important concept.  
It is hoped that the study will add to the solutions currently being offered to solve learner 
learning difficulties. Insights into learners’ conceptions (alternative ways of reasoning) and 
learning difficulties which were revealed will hopefully make chemical concepts more 
meaningful and accessible to more and more learners (Onwu & Randall, 2006) thereby 
allowing conceptual change (understanding) to take place and improve performance. Because 
the particle theory is fundamental to topics such as atomic and molecular structure, bonding, 
solution chemistry and chemical reactions, the way in which, learners’ reasoning is crucial if 
comprehension is to take place, especially since most of these topics are encountered at 
introductory level chemistry. These topics are important building blocks for understanding 
both quantitative and qualitative aspects of chemistry. In addition, understanding the nature 
of learners’ conceptual misunderstandings and learning difficulties should be helpful when 
planning lessons (improve instruction) and is therefore a significant starting point if 
chemistry is to be made sensible. Lastly, the study should help to identify cognitive gaps for 
more research in chemistry education. 
1.6 Delimitations and scope of the Study 
The study was carried out in secondary schools in Gauteng’s Tshwane North (D3) district. 
The participants (280 learners) were made up of Grade 10 physical science mixed ability 
learners from six schools. While the results of this study can be used to generalize the 
understanding of Grade 10 physical science learners in the Gauteng’s Tshwane North (D3) 
district, it will be inappropriate to generalize the results for either Gauteng Province or the 
whole of South Africa. Nevertheless, an in-depth understanding of how Grade 10 physical 
science learners reason about basic chemical phenomena at sub-microscopic levels was the 
major aim of the study. 
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1.7 Definition of Operational Terms 
Basic chemical phenomena: these are fundamental ideas in chemistry and mainly based on 
the particulate nature of matter, such as atoms, molecules, compounds, acids, bases and 
solution concentrations. 
Macroscopic level: this is the first element of the chemistry thinking model which is real and 
observable (experiments). It is also concrete information derived from chemical processes 
that stimulates the senses (e.g. temperature changes, new colours, gases evolved, smell).  
Sub-microscopic level: this level is real but not visible and entails the abstract particulate 
level of matter and is difficult to comprehend. It is used to explain the macroscopic level.  
Symbolic level: refers to the chemical language (symbols of elements, chemical formulae and 
equations, mathematical equations, graphical representations such as sub-micro 
representations) of the particulate nature of matter. It is the most difficult to understand 
especially if there is lack of understanding of the sub-microscopic level and is used by the 
science community to communicate about the phenomena at abstract level. 
Reasoning: this is the way learners go about making connections between the three levels in 
which chemistry is portrayed, namely, macroscopic, sub-microscopic and symbolic levels. 
Physical Science: this is a specialised content subject that combines chemistry and physics. In 
South Africa, it commences in Grade 10 and ends in Grade 12. 
1.8 Summary 
This chapter focused mainly on what prompted the researcher to explore grade 10 physical 
science learners’ reasoning about basic chemical phenomena at sub-microscopic level; the 
problem statement; rationale and significance of the study; delimitation and scope of the 
study and definition of operational terms as viewed by the researcher. The coming chapter 
deals with the related literature that surrounds and forms the conceptual framework of this 
research study. 
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CHAPTER 2 
Review of Related Literature 
In this chapter literature related to the study is reviewed. The literature concerns learning 
difficulties in the learning and teaching of basic chemical concepts, the way in which 
chemical concepts are conceptualised, (i.e. macroscopic, sub-microscopic and symbolic 
levels), sub-microscopic representations/and or models as a tool in teaching and for 
evaluating chemical concepts. In addition, sub-microscopic representational models, 
evaluation of chemistry learning, conceptual development and conceptual change are 
reviewed. The review is meant to explore the extent to which sub-microscopic 
representations can be used effectively in order to minimise learning difficulties in the 
teaching and learning of basic chemical concepts. This literature is also used to explicate the 
conceptual framework (based on the three levels of chemical conceptualisation) of the study. 
This is followed by a discussion on the limitations and implications of the use of sub-
microscopic representations in the teaching, learning and assessment of chemical concepts. 
2.1 Learning Difficulties in Chemistry 
This section reviews general learning difficulties in the teaching and learning of basic 
chemical concepts. Suggestions from current literature are also discussed. 
Literature (Gabel, 1999; Treagust and Chittleborough, 2001; Taber, 2002: Devetak, Urbancic, 
Wissiak Grm, Krnel, & Glaser, 2004)) acknowledges that the difficulties experienced in the 
learning of chemistry lie in the complex and abstract nature of the discipline itself. The 
abstract nature of chemistry, especially its mathematical aspect means that classes require a 
high-level technique approaches (Fensham, 1998; Zoller, 1990; Taber 2002) and as a result 
chemistry is highly conceptual. In addition, multiple levels of chemical representation 
contribute to learning difficulties experienced by students (Gabel, 1998; Nakhleh and 
Krajcik, 1994). It is believed that these chemical representations constitute elements of 
chemistry language.  Johnstone (1993) distinguished three levels of chemical representation 
of matter: the macroscopic level, the sub-microscopic level and the symbolic level which are 
described by Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004) as: sensory 
information derived from a chemical process, in terms of particles and translated into 
symbols or formulae, respectively. Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004) 
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attribute the complexity of chemistry teaching and learning to these three levels through 
which the discipline is conceptualised. The constant interplay between macroscopic and sub-
microscopic chemical levels is a source of difficulty for many chemistry learners (Sirhan, 
2007) and this presents a daunting challenge to learners (Onwu and Randall, 2006; Treagust, 
Chittleborough, & Mamiala, 2003). Devetak, Vogrinc, & Glažar (2009) refer to this constant 
interplay as “The Interdependence of Three Levels of Science concepts (ITLS)”. This model 
recognises the connectedness that exists between the three levels (macro, sub-micro and 
symbolic) in which chemistry is represented or conceptualised. The interdependence of the 
three levels manifests itself in the “mental model” of the learner (Devetak, Vogrinc, & 
Glažar, 2009), and it is on the attainment of this interdependence that chemical concepts 
begin to make sense to the learner. Because awareness of this interdependence as a way of 
conceptualising chemistry is not always apparent to novice chemistry learners, there seems to 
be a cognitive gap or deficit between how learners view chemical phenomena and the way 
they go about reasoning to try and connect the same to the sub-microscopic and symbolic 
worlds (Gilbert and Treagust, 2009). 
According to Sirhan (2007), if students possess difficulties at one of the levels, it may 
influence the other. These authors emphasise the point that reasonable understanding of the 
phenomena is established when all three levels of the concept cover each other, supported by 
visualisation elements, in a specific way in students’ memory.  The learner cannot cope with 
all three levels being taught at once (Johnstone, 1982; Gabel, 1999) and the link between the 
three levels should be explicitly taught (Jonstone, 1991; Harrison and Treagust, 2000; 
Treagust, Chittleborough, & Mamiala, 2003; Treagust et al., 2010). More recently, in their 
study on learning difficulties experienced by grade 12 South African students in the chemical 
representation of phenomena, Umesh and Aleyamma (2012) noted that students found it 
difficult to answer questions demanding a transformation.  Sirhan (2007) noted that whilst the 
school chemistry taught before 1960 laid emphasis on descriptive chemistry, today, the 
descriptive is taught alongside both micro and representational. As a result, learners find it 
difficult to cope with all three levels. In South Africa, the national curriculum document 
draws attention to possible difficulty for novice learners managing problems that require 
them to connect all the three levels of chemical representation. In addition, Sirhan (2007) 
argues that there is a danger that chemistry depends too much on the representational, with 
inadequate emphasis on the descriptive. This is in line with Johnstone (1982) and Gabel 
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(1999) who argue that the learner cannot cope with all three levels being taught at once. This 
is supported by (de Jong and van Driel, 2004) who point out that the unique duality of 
representational diagrams that link both the macroscopic and sub-microscopic levels 
simultaneously, shades light on the complex nature of chemistry. Representations such as 
chemical diagrams, therefore present overwhelming conceptual demands of shifting between 
the three levels, thus posing a significant challenge to novice chemistry students. 
Furthermore, Harrison and Treagust (2002) suggest that there is tension between teaching 
macroscopic chemistry, which is generally hands-on and viewed by most students as very 
entertaining, and the difficulties of explaining macroscopic changes in terms of sub-
microscopic entities or particles. They also ascribe part of the tension to how and when to 
deal with the three levels in which chemical concepts are conceptualised, namely, the 
macroscopic, sub-microscopic and symbolic. Thus, transitions between models and 
macroscopic events can be intimidating to students. 
Chemistry, by its very nature, is highly conceptual (Sirhan, 2007), and while much can be 
acquired by rote learning, real understanding demands the bringing together of conceptual 
understandings in a meaningful way. There is no doubt this is a huge learning difficulty in 
chemistry as conceptual understandings in a meaningful way demand logical sequencing of 
curriculum content concepts.  As was suggested by Reid (1999, 2000), the chemistry syllabus 
to be taught should not be defined by the logic of the subject but by the needs of the learners 
unlike most curricula which are defined by the needs of the next stage. Devetak, Urbancic, 
Wissiak Grm, Krnel, & Glaser (2004) argue that the absence of logical reasoning skills can 
make chemistry problem solving impossible.  They further argue that students can still show 
many different signs of misunderstanding, even if logic is present. This is in line with Sirhan 
(2007) when he points out that although the 1960s and 1970s saw the advent of revised 
syllabuses in many countries which called for the presentation of school chemistry in a 
logical order (atomic structure, line spectra, Schrodinger equations, orbital, hybridisation, 
bonding, formulae, chemical equations, balancing ionic equations, calculations, and 
stoichiometry), students still find it difficult since the logical order is experienced academic 
chemist-driven. This argument is supported by Sirhan (2007) who argues that chemistry is a 
logical subject and its inherent logic is the driving force behind any chemistry syllabus and 
that the logic is that of the expert and not the leaner. In addition, Johnstone (2000) argues 
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against this logical presentation strongly, saying that the logical order may well not be 
psychologically accessible to the learner and therefore daunting for the learner. 
Most chemistry syllabuses or courses concentrate only on the symbolic level of chemical 
concepts, neglecting the other two (Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004) 
and because of this, students think that chemistry is just a science of symbols of elements, 
formulae of compounds and chemical equations. Thus students do not understand the 
particulate nature of chemistry nor do they mentally visualise the dynamical processes 
involved in chemical reactions. This supports Sawrey (1990) who found out that more 
students were able to solve problems that used symbols and numbers than could solve those 
depicting particles. Symbolic levels of chemical concepts which are used to communicate 
about the phenomena at abstract level are the hardest for students to understand, more so, 
without understanding of the sub-microscopic level of chemical concepts (Devetak, Vogrinc, 
& Glažar, 2009). Therefore, chemical symbols, formulae, chemical equations, mathematical 
equations and graphical representations and diagrams that depict matter at particle level 
present serious challenges to beginner students. According to Taber (2009), students may 
experience difficulty as they may be overwhelmed by the increased cognitive load in 
symbolic representations especially where a symbol is used to model the sub-microscopic 
world and where symbols are used as a mediator between macroscopic and sub-microscopic 
levels. Gilbert and Treagust (2009), Taber (2009) and Treagust et al. (2010), however, 
suggest careful and explicit use of representational models in chemical education. 
In South Africa, the traditional practice in chemistry education, at high school level, is that 
instruction is predominantly at the symbolic level of education. This is supported by Umesh 
and Aleyamma (2012) in their study that investigated learning difficulties experienced by 
grade 12 South African students in chemical representation of phenomena. It is also the South 
African education system practice that most of chemical learning is introduced at the 
symbolic level of representation at grade 8 (the first year of secondary science education) in 
the Natural sciences. Chemistry concepts in the Natural sciences in South Africa are 
presented in the form of chemical symbols, formulae and chemical equations and few sub-
microscopic representations are used. An attempt to include sub-microscopic representations 
only begins at grade 10 in the physical sciences and continues up to grade 12, the matric year. 
It therefore appears that if learners are not exposed to macroscopic and sub-microscopic 
representations, they resort to “Fatima rules” or memorisation of symbolic representations 
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such as chemical formulae and equations, just to get through examinations, without proper 
understanding of chemical concepts. In South Africa this practice persists through grade 10 
up to grade 12 (Umesh and Aleyamma, 2012). Due of lack of proper mental representation of 
the chemical reality (Onwu and Ranadall, 2006), students experience conceptual difficulties 
in chemistry problem solving. As a result, the novice learners appear to go directly from the 
problem to the learned rules (Onwu and Randall, 2006), searching for the memorised 
algorithm or algebraic relation needed to get to the answer.  In addition, according to Onwu 
(2002), learners are likely to approach the problem with strategies that are tied to the salient 
or surface features of the chemical task at the expense of the task goal. The beginner learners 
do not appear to internalise the chemical meaning of the task consciously (Onwu and 
Randall, 2006). 
It has been noted that secondary chemistry teachers also hold some of the misconceptions 
held by their students (Bodner, 1991; Onwu and Randall, 2006), and because they lack 
pedagogical content knowledge for teaching certain chemistry topics (Harrison, 2001), many 
teachers are compelled to plan and teach from textbooks. Harrison (2001) further suggests 
that some of these textbooks are sources of misconceptions, which persist even among 
graduate students long after graduating with a major in chemistry (Bodner, 1991). Many of 
the textbooks contain cognitive gaps that are likely to impact negatively on how students 
develop chemical concepts, for example, de Jong, Van Driel, & Verloop, (2005) pointed out 
that textbooks rarely draw attention to the limitations and history of the development of 
particle models and as a result, these particle models are presented as rhetoric, or as final 
versions of our particle knowledge. Thus, textbooks compound difficulties in the learning and 
teaching of chemical concepts. In South Africa, although textbooks are now including sub-
microscopic representations to explain phenomena, no training is given to teachers; hence 
such representations are not explained and learners have to figure them out by themselves. 
The concept of matter is essential to chemistry since chemistry is a science of matter and its 
transformations (Ozmen, 2010).  The structure of matter is the basis of all chemical concepts. 
The structure of matter and its changes may be one of the topics in which the description of 
students’ conceptions or ideas at different levels may be best characterised (Talanquer, 2009). 
Because chemistry topics are generally related to or based on the structure of matter, 
chemistry is considered to be a more difficult discipline by many students (Sirhan, 2007) and 
this is an observation that sometimes repels learners from continuing with chemistry studies. 
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Teachers and educators would agree that the particulate nature of matter is part of the heart 
and is the core of theoretical chemistry and the particle theory of matter is a key component 
in several science education curricula from as early as upper primary school years to various 
stages of secondary school (Snir,  Smith, & Raz, 2003; Treagust et al., 2010). Moreover, Snir, 
Smith, & Raz (2003) suggest that appropriate understanding of particle theory is essential to 
the learning of chemical concepts. Very often students experience difficulties in issues such 
as meaning of the term particles, the nature and characteristics of particles, the idea of space 
between particles, the size of molecules, behaviour of particles in different states of matter 
and change in the arrangement of particles during phase change (physical change) and 
chemical processes (Harison & Treagust, 1996, 2002; Boz & Boz, 2008). 
Comprehension of almost every topic in chemistry to a great extent hinges on having a 
thorough understanding of the aspects of the particulate nature of matter (Emine Adadan, 
2006) because it provides a basis for explaining the nature of atomic structure, bonding, 
solubility, chemical reactions etc. (Haidar & Abraham, 1991; Gabel, 1993; Harrison & 
Treagust, 2002). The particulate nature of matter is identified in science education standards 
as one of the fundamental concepts that learners should understand at middle school level 
(AAAS, 1993). However, science education research suggests that secondary learners have 
difficulties understanding the structure of matter (Ben-Zvi et al., 1986; Krajcik, 1991; Singer, 
Tal, R. & Wu, 2003) and many hold several alternative conceptions of atoms and molecules 
(Griffiths & Preston, 1992). These conceptions have very wide implications for the teaching 
and learning of chemistry: they seem to be distorted and may imply that learners do not fully 
comprehend scientific ideas and as a result become resistant to conceptual change. In other 
words these alternative conceptions become learning difficulties because they stand in the 
way of what is commonly accepted by the scientific community. 
The following are some of the common misconceptions/alternative conceptions which may 
lead to learning difficulties when learners come across the particle theory for the first time. 
For example some learners think that matter is a continuous medium rather than an 
aggregation of particles (Nakhleh, 1992); that matter is continuous and that macroscopic 
properties of matter are attributed to sub-microscopic particles (Johnson,1998; Krnel, Watson  
& Glazar, 1998; Harrison and Treagust, 2002); that the properties of substances can be 
attributed to an isolated atom (Ben-Zvi et al., 1986); that molecules are in substances, not that 
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substances are made up of molecules (Onwu and Randall, 2006); and that molecules in ice 
are heavier than those in liquid, with molecules of water vapour being the lightest (Krnel, 
Watson  & Glazar, 1998). The role of intermolecular forces is not considered.  Ingham and 
Gilbert, (1991) report that novice learners think the colour of atoms is the same colour as 
some substances, for example, copper atoms are thought to be red-brown because copper is 
red, or chlorine atoms green because chlorine is a greenish yellow gas. Some learners also 
maintain a cloud or vapour model of air (Krajcik, 1991). In addition Griffiths & Preston 
(1992), suggest that some learners believe a molecule changes its size and shape at different 
temperatures. Another study by Ben-Zvi, Eylon, & Silberstein (1987) shows that learners 
have difficulties relating macroscopic properties to the movement and arrangement of 
particles, even after engaging in substantial chemical instruction. 
Harrison and Treagust (1996, 2002) and Treagust, Chittleborough and Mamiala (2002) 
suggest that the various intuitive misconceptions held by learners can be attributed to their 
inexperience in the use of scientific models (students have their own personal and unique 
understanding of the role of scientific models in science - built up through their life 
experiences), lack of appropriate or adequate mental representations, and/ or their of 
intellectual immaturity.  
Learners build cognitive structures based on their own understanding (Nakhleh, 1992) or 
enacted scientific worldviews (Kazembe and Nyanhi, 2010) and such concepts sometimes 
differ from that held by the scientific community (Treagust, 1988). In their study on the effect 
of teachers’ and students’ worldviews on the learning of O-level chemistry, Kazembe and 
Nyanhi (2010) noted that teachers do not take students’ community experiences as 
appropriate prior knowledge, thus making it difficult for students to link what they learn at 
school to their everyday community life experiences. Because of this, teachers are unable to 
effectively assist students to negotiate cultural borders. It is therefore imperative for teachers 
to be aware of the conceptions the students bring to the classroom so as to avoid a carry-over 
of misconceptions of chemical concepts. In addition, novice learners have a weak foundation 
on which construction of new ideas depend, hence they resort to strategies tied to the salient 
or surface features of the chemical task (Onwu, 2002). Because of this weak foundation 
learners may develop misconceptions which eventually become impediments to learning. 
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Sirhan (2007) attributed learning difficulties in chemistry to the following; overload of 
students’ working memory, language and communication, concept formation and motivation. 
He further points out that working memory entails a connection between what has to be held 
in conscious memory, and the processing activities required to handle it, transform it, 
manipulate it, and get it ready for storage in long-term memory. According to Baddeley 
(1999), working memory space is of limited capacity and as such students find the selection 
of the important information from other less important information difficult when they 
suddenly have to handle huge amounts of information (Sirhan, 2007). Usually, unfamiliar 
abstract information poses conceptual challenges to novice chemistry learners, simply 
because the working memory space is limited. The ability to develop skills to organize ideas 
so as not to overload the working memory is not always apparent to novice learners, hence, a 
learning difficulty. The ability to develop skills and strategies to win over information 
(working memory space) overload depends strongly on the conceptual framework that 
already exists in the long-term memory (Sirhan, 2007). This entails that students can only be 
using the working memory more efficiently if they manage to develop strategies that help 
them make links between what comes into the working memory and what already exists in 
the long-term memory. It has therefore been suggested that difficulties in conceptual 
understanding are related to working memory space and the ability to use strategies that bring 
together several items (chunking) into one meaningful unit (Johnstone & Kellett, 1980). This 
has an effect of reducing working memory space overload, thus making an abstract concept 
more comprehensible. Working memory capacity limitations have far reaching implications 
in the learning of chemical concepts and cannot be underestimated. Working memory space 
also draws information from the long-term memory, integrates it with incoming information 
and then processes the mixture to make sense of the new information. This is not an easy task 
for novice learners, especially when they deal with chemical concepts that require them to 
make connections between the abstract but real sub-microscopic world and the other two 
worlds. This may be compounded by the fact that students bring their own enacted scientific 
worldviews into the classroom and may fail to achieve border-crossing (Kazembe and 
Nyanhi, 2010) as making connections between new abstract information (chemical concepts) 
and a distorted scientific worldview (learners’ own experiences and imaginations about the 
world) become extremely difficult. This finally, overloads the working memory space, thus 
highly conceptual chemical concepts become unattainable. 
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Language is a powerful tool in the learning of scientific concepts and if it includes unfamiliar 
or misleading terms and in most cases these unfamiliar terms change meaning as they move 
into chemistry, chemical concepts become difficult to comprehend. Language contributes to 
information overload (Johnstone, 1984), for example, Johnstone and Selepeng (2001), found 
out that where the learner was operating in a second language, the usable working memory 
space dropped by about one unit, thus this unit is used to handle the language transfer. Many 
words frequently used by science teachers are not accessible to their learners (Gardner, 
1972). This therefore seems to suggest that learning chemical concepts is also made more 
difficult to students as they have to handle two major problems, second language in general 
and the chemical language (chemical symbols, formulae and equations) in particular. This 
will obviously have negative effects (working memory space overload) on the learning of 
abstract chemistry concepts. In addition, the usage of everyday life (non-technical words) 
terms or words is a cause of misunderstanding for learners. For example, Cassels and 
Johnstone (1980) noted that words like “volatile”  are often assumed to mean “unstable”, “ 
explosive” and or “flammable” but its true scientific meaning “easily vaporized” is unknown 
by learners. They concluded that the everyday life use of the word “volatile” when applied to 
a person is very often carried over into the science context with consequent confusion. This is 
also in line with what happens in physics when terms like “weight’ and “mass” are used. 
Everyday life usage of the word “weight” refers to measuring one’s mass and this is carried 
over to the physics context, the idea that “weight” refers to the product of mass and 
acceleration (a special force due gravity) is unknown. Language influences the thinking 
process necessary to tackle any task (Sirhan, 2007), and this includes the use of 
representations symbols, formulae, chemical equations and mathematical representations 
such as calculations and graphs. 
Chemistry consists of highly conceptual concepts demanding intellectual thought because 
these concepts are abstract. For example, concepts such as dissolution, particulate nature of 
matter and chemical bonding demand high levels of chemical conceptualization. High levels 
of chemical conceptualization about a concept impact heavily on concept formation. These 
concepts are very fundamental to learning chemistry (Abraham, Grzybowski, Renner, & 
Marek, 1992; Nakhleh, 1992; Abraham, Williamson, & Westbrook, 1994), and if not 
understood, higher-order thinking chemical concepts such as reaction rates, acids and bases, 
electrochemistry, chemical equilibrium, and solution chemistry become difficult and tiring 
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(Sirhan, 2007). Chemistry research in the last decade (Devetak, Urbancic, Wissiak Grm, 
Krnel, & Glaser, 2004; Devetak,  Vogrinc, & Glažar,  2009; Onwu and Randall, 2006; 
Ozmen, 2010) has focused more on the understanding of particle model of matter which is 
fundamental to the learning of chemical concepts. As mentioned earlier, meaning of a 
concept is established when the learner is able to connect new information to what already 
exists in the long-term memory. This supports Ausubel (1968) when he suggested that 
meaningful learning can occur in terms of the ease of being able to link new knowledge on to 
the network of concepts, which already exist in the learner’s mind and this is not easy for 
novice chemistry learners. Conceptions either reinforce each other or reject each other and 
this becomes an impediment to further learning in chemistry. Many studies (Helm, 1980; 
Driver, 1981; Gilbert et al., 1982; Ozmen, 2010; Treagust et al., 2010) have focused on 
misconceptions in chemistry and suggestions to tackle the problem have been made. There 
seems to exist, some tension between learners’ conceptions (misconceptions, alternative 
frameworks, children’s ideas or preconceptions) and what is generally accepted by the 
scientific community. Students bring conceptions derived from their community-based 
culture and use their prior knowledge and experience to make their own meaning as they 
interact with the teachers’ delivery (Gagnon and Collay, 2006). In addition, Kazembe and 
Nyanhi (2010) pointed out that scientific phenomena and concepts that are not part of the 
students’ conceptual ecology should be carefully explained using suitable language, 
methodology and textbooks that facilitate conceptual change; avoid or correct 
misconceptions; avoid conceptual conflicts and ensure that the student does not exist parallel 
to school culture. This entails that knowing students’ conceptual frameworks or their enacted 
scientific worldviews, using suitable language and methodology together with relevant 
textbooks, avoiding misconceptions and conceptual conflicts will enhance concept formation 
but it is always a daunting task for beginner learners. 
Motivation plays a pivotal role in the learning of chemical concepts and as such is an 
important aspect guiding the attainability of what ought to be learnt by learners. However, 
this is no guarantee for deeper understanding of concepts. For example, various studies 
(Johnstone, 1991; Cachapuz and Martin 1993; Albanese and Vicenti, 1997; Maskill, 
Cachapuz, and Kouladis, 1997; Johnson, 1998; Gabel, 1999) have shown that while many 
students are enthused by descriptive chemistry such as performing eye-catching chemistry 
experiments, and while it is easy to capture their interest at that macroscopic level, sustaining 
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this interest conceptually at the sub-microscopic and symbolic levels is a real pedagogical 
challenge. Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004) found that as regards 
chemistry, students are highly motivated to learn at the concrete macroscopic levels 
(performing experiments), but less so at the sub-microscopic and symbolic levels. Thus, 
many students consider chemistry a very interesting subject because of experiments, an 
important motivator, but maintaining a high level of motivation with students to learn 
chemical concepts at the particle (sub-microscopic) and symbolic levels is considered 
extremely incomprehensible for teachers to achieve (Harrison and Treagust, 2002). 
Facets of students’ motivation to learn can be classified into three categories, namely; 
intrinsic, extrinsic (Entwistle, Thompson, & Wilson, 1974) and amotivational (Vallerand and 
Bissonnette, 1992). Intrinsic motivation entails the eagerness to learn for the sake of it while 
extrinsic motivation refers to wanting to learn due to external influences such as 
examinations and syllabus demands, and a-motivational involves students learning without 
conscious belief that it will finally help them acquire knowledge. Motivation is a function of 
how difficult a topic or a concept is perceived by students and this determines the ability and 
willingness to learn it (Johnstone and Kellett, 1980).  
According to Devetak, Vogrinc, & Glažar (2009), “Students reaching a very high level of 
intrinsic motivation and are actively involved in learning tasks, usually adopt a positive 
attitude towards the subject and consequently, those who have a good self-concept for science 
are also higher achievers in this area”. In addition, if science problems are interesting, 
meaningful, challenging, and engaging they tend to motivate students intrinsically (Sirhan, 
2007). Intrinsic motivation is thought to comprise three interrelated aspects; as a special 
inclination to tackle more demanding tasks that present a challenge, as learning triggered off 
by curiosity or special interests and as the development of competence and mastering 
learning tasks in which learning is seen as a value (Pintrich and Schunk, 1996; Eccles, 
Wigfield, and Schiefele, 1998; Stipek, 1998). Students who are intrinsically motivated 
usually aim at achieving long-term goals and will have a stronger sense of achievement, 
hence, more likely to have a deeper understanding and appreciation of chemistry (Sirhan, 
2007). It has been however noted by, Devetak, Vogrinc, & Glažar (2009) that students who 
are more self-confident at solving difficult or complex problems are more successful at 
school work. However, students lose interest in science as they progress from lower to higher 
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grades and this has been attributed to incorrectly or incomplete scientific concepts, as they do 
not study science in-depth (Anderman and Young, 1994; Zusho et al., 2003).  
Extrinsic motivation is examinations driven and is usually short-term. Thus, students who 
attend science lessons with a short-term goal of passing examinations will have a different 
approach to learning (Sirhan, 2007) and scientific laws and potentially meaningful facts are 
learned as propositions which are unrelated to experience. Thus, students resort to “Fatima 
rules” (memorizing without understanding) in order to achieve short-term goals (passing 
examinations).  
A-motivational learning is a “just attend lecture” kind of learning which yields very little or 
no results as students seem not to be conscious why they have to learn science. Students who 
learn this way are not motivated at all and do not even have any conscious belief that 
attending science lessons will help them learn anything (Vallerand and Bissonnette, 1992).  
The literature on learning difficulties in chemistry appears to be centered mainly on the 
following aspects;  
• The abstract nature of chemical concepts (the particulate nature of matter) and its 
influence on concept formation, multiple levels of representations (macroscopic, sub-
microscopic and symbolic) and their constant interplay (interdependence) and the 
tension that exists between macroscopic chemistry and the difficulties of explaining 
macroscopic changes in terms of sub-microscopic entities or particles, 
•  Lack of proper mental representation resulting in learners going directly from the 
problem to learned rules (rote learning) and as a result most chemistry syllabuses 
concentrate only on the symbolic level (hardest to understand if the sub-microscopic 
level is not understood) neglecting the other two. This way of teaching is the common 
practice in South African schools (Umesh and Aleyamma, 2012). 
•  Teachers are unable to help students in the border-crossing (scaffolding) between 
children’s’ preconceptions and what is generally accepted by the science community 
as they hold some of the misconceptions held by their students.  
• Textbooks contain many cognitive gaps and this impacts negatively on how students 
develop chemical concepts.  
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• Learners bring their own understandings (cultural beliefs and values or experiences) 
to classrooms and these differ from concepts held by the scientific community. 
• Language is another major learning difficulty in chemistry as it influences the 
thinking process. Where language is used as the second language, it adds to working 
memory space overload. In the case of the chemical language (symbols, formulae, 
chemical equations, pictorial diagrams, graphs and other mathematical 
representations) which is usually unfamiliar to many students, the conceptualization 
of chemical concepts becomes a daunting task as they find it difficult to cope with, 
more so without understanding the sub-microscopic level.  
• Motivation is major driving force in the generation of interest in the learning of 
science. Motivation at the macroscopic level (performing experiments) stimulates 
interest and students who are highly motivated tend to be attracted to more 
challenging and problem-solving tasks and as a result they are better achievers in 
chemistry than those who are less motivated.  
With respect to the literature reviewed, it should be noted that there are many assumptions 
made in the teaching and learning of chemistry. For example, literature reviewed assumes the 
following; the abstract nature of chemical concepts is the major variable in the learning of 
chemistry, it should be easy for anyone to understand the atomic theory using sub-
microscopic representations, experienced academic learners, scientific community culture, no 
enacted scientific worldviews, same contextual factors, qualified teachers, and logical 
thinking.  
 
In my view, there are other important variables, such as teacher-learner ratio, quality of 
teachers, school resources, curriculum issues and school climate that may hinder the teaching 
and learning of chemical concepts. These factors may impact heavily on the way chemical 
concepts are conceptualized. The literature reviewed, appear not to suggest other variables, 
rather, it emphasizes the abstract nature of chemistry as if it were the only major variable.  
 
The literature reviewed assumes experienced academic learners who are already having the 
scientific culture. Although Onwu and Randall (2006) mentioned that experienced learners 
(who move from the problem statement to a mental representation of the chemical situation) 
do better than inexperienced learners (who go directly from the problem statement to the 
learned rules), very little to solve the problem has been suggested.  There still remains a 
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cognitive gap between what is taught and what the learner expects. Literature did little to 
address learners’ enacted scientific worldviews. The way the science community views 
chemistry is not necessarily the way novice learners view chemistry. There is need to 
reconcile science community views with those enacted scientific worldviews brought by 
learners to the classroom (Kazembe and Nyanhi, 2010). Enacted scientific worldviews may 
influence the way learners perceive the atomic models used in chemical representations. 
There is need for robust pedagogical approaches that promote the link between science 
worldviews and learners’ enacted scientific worldviews in the teaching and learning of 
chemical concepts that require use of sub-microscopic representations (particle models) to 
represent sub-microscopic entities.   
 
Logical thinking as a way of enhancing understanding of chemical concepts has also been 
suggested in literature (Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004), but even if 
logic is present students can show many different signs of misunderstanding. However, 
logical thinking is not always apparent to novice learners, especially when they apply such 
thinking to something which is invisible (particles). In my opinion, mental visualization of 
sub-microscopic entities needs both high imaginations of unobservable entities and logical 
thinking which requires mathematical representations by the learners. Already, the atomic 
models based on the atomic theory seem to confuse learners as some learners may take the 
models to represent actual particles. This seems to suggest that there is a cognitive gap 
between atomic models and reality and logical thinking and imagination are, therefore, 
shattered. 
 
2.2 Sub-microscopic Representational Models 
This section reviews sub-microscopic representations (chemical diagrams) and their use as a 
tool in teaching and for evaluating chemical concepts. The review is meant to explore the 
extent to which sub-microscopic representations can be used effectively in order to minimise 
learning difficulties in the teaching and learning of basic chemical concepts. Furthermore, 
limitations of chemical diagrams (sub-microscopic representations) which are used to depict 
matter at particle level are discussed.  
The study required learners to identify and annotate (giving justifications) chemical diagrams 
representing chemical phenomena at the sub-microscopic level to provide insight into their 
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understanding of chemistry at the macro level. In addition, the study included teachers’ 
interviews and learners’ discussions (focus groups discussions) to provide insights into the 
way teachers go about teaching and how learners go about reasoning when solving problems 
about basic chemical phenomena that require them to think at particle level. 
Sub-microscopic representational models are thought to be a way of depicting matter at 
particle level. Gilbert and Treagust (2009) and Davidowitz and Chittleborough (2009) point 
out that having learners draw and annotate chemical diagrams representing chemical 
phenomena at the sub-microscopic level can provide insight into their understanding of 
chemistry at the macroscopic level. In addition, Gobert and Clement (1999) suggest that 
diagrams can have more than illustrative purposes, expanding the purpose of diagrams to 
model construction and reasoning thereby serving as significant teaching tools but warned 
that the value depends on the students’ understanding of the diagram. Gilbert and Treagust 
(2009) and Davidowitz and Chittleborough (2009) however suggest careful and explicit use 
of chemical diagrams because connections between the macroscopic and sub-microscopic 
levels are not always apparent to learners. In order to gain this insight, pictorial models were 
used in this study to represent matter at particle levels.  
Students learn by active selection, organization and integration of information from auditory 
and/ or visual aids (Mayer, 2002) and a combination of both words and pictures is more 
effective in promoting deeper learning than the use of words alone. This enables students to 
learn more difficult concepts and principles and they retain what they have learned longer and 
are better able to use the concepts to solve problems than if the information had been 
presented using text only (Mayer, 2003). According to Kozman and Russell (2005), 
representations allow discussion of objects and processes which cannot be seen. These 
representations take various forms which include diagrams and symbols. The chemistry 
community uses symbols or diagrams to communicate since they allow mental visualization 
and communication of macroscopic events or experimental observations. Representations are 
therefore used as tools to induce or communicate understanding and construct meanings from 
new information. In addition, representations help students to relate the three commonly 
accepted levels of matter and have the potential of enhancing conceptual understanding 
(Gabel, 1999). 
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Still on the issue of representational models of microscopic properties and processes, 
Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004) have mentioned that in order for an 
analogue to be effective in teaching beginner learners, it must be familiar to them. Analogues 
used must be in a domain in which learners do not hold any misconceptions since models are 
supposed to be used as thinking and evaluation tools in learning concepts (Duit, 1991). In 
view of the misconceptions that representational models may induce in learners (Duit, 1991; 
Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004), this study used models that have 
been carefully and explicitly validated in order for learners to achieve correct connections 
between the macro and sub-micro levels. To achieve this, the test items in the instrument 
(Test of Basic Chemical Knowledge) underwent a vigorous validation process by the 
researcher and chemistry experts. In fact, four of the test items were adopted with written 
permission from Devetak, Vogrinc, & Glažar (2009) and have been used in Slovenia in their 
study “Comparing Slovenian year 8 and year 9 elementary school pupils’ knowledge of 
electrolyte chemistry and their intrinsic motivation”. 
The approach is in line with recent research studies such as (Treagust, Chittleborough, & 
Mamiala, 2003; Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004; Devetak, 2005; 
Onwu and Randall, 2006; Devetak, Vogrinc, & Glažar, 2009) that have made use of pictorial 
models to represent matter at particle levels. These studies suggest  making use of pictorial 
models to represent atoms, molecules, and ions, to enable learners to understand basic 
chemical processes such as ion arrangements in solutions, properties of bases or acids in 
solutions, and atoms in compounds, elements and mixtures. Similar recent studies by 
(Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004; Onwu and Randall, 2006; 
Devetak, Vogrinc, & Glažar, 2009) required learners to identify diagrams that depicted 
matter at particle level as well as providing written explanations for their choice of answers. 
Unlike Onwu and Randall (2006), Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, (2004) 
used an instrument that required students to draw and annotate diagrams depicting sub-
microscopic entities. Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004) report that 
learners are better in solving the problems that involve reading of sub-micro representations, 
but are less successful in solving tasks where drawing of particulate schemas are required and 
translations of sub-micro representation of phenomena to their symbolic representation. This 
is supported by Tasker & Dalton (2006) when they identified the pedagogical significance of 
students drawing their own representations that depict matter at particle level.  
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It can be concluded that learners lack mental representation upon which they should base 
their thinking. It therefore made sense to further investigate learners’ reasoning regarding 
translations of phenomena to their sub-micro representation to gain more and better insights, 
perhaps through this; the leaning of chemistry would become easier. Moreover the test items 
were set according to whether they are predominantly macroscopic or sub-microscopic in 
nature to see if there is any relationship between performance and the type of question. 
In the view of the author, sub-microscopic representations (pictorial diagrams) are models of 
models (atomic or particle theory models) and this aspect is a problem in itself. In other 
words they are models of an already abstract model based on the atomic theory. This seems 
to be the most confusing part of sub-microscopic representations as chemical explanations 
rely on the atomic theory of matter upon which the particle level is based.  This is in line with 
Davidowitz and Chittleborough (2009) when they point out that it is not yet possible to see 
how atoms interact, thus the chemist relies on the atomic theory of matter on which the sub-
microscopic level is based. 
According to Davidowitz and Chittleborough (2009) chemical diagrams are one of the most 
commonly used forms of chemical representation in the teaching of chemical concepts. These 
may be symbolic representations that present images and information of the sub-microscopic 
or particle (molecular) level. They are used by teachers to describe matter at particle level 
which are real but cannot be observed directly and explain macroscopic events which are also 
real and observable. It is therefore assumed that diagrams play an important part in helping 
learners develop mental models or images of the sub-microscopic level and this is essential as 
chemical explanations nearly are always dependent on the particle level (sub-microscopic 
level). Chittleborough and Treagust (2008) suggest that the sub-microscopic level is the least 
understood as some students regard the sub-microscopic level as unreal, vague and 
amorphous. This therefore seems to suggest that chemical diagrams do not always make 
sense to learners as they require them to operate at the abstract level. 
It can therefore be concluded that chemical diagrams used as chemical representations have a 
number of limitations. Chemical diagrams have a tendency of focusing on one aspect of an 
event at the expense of other aspects (Davidowitz and Chilttleborough, 2009). They usually 
depict a single successful reaction and neglect the unsuccessful ones. For example, Krajcik 
(1991), argue that there is a risk that the kinetic molecular theory relating to the motion of the 
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sub-microscopic level particles because the constant movement and the many unsuccessful 
collisions are not appreciated and as a result a representation can be taken out of context and 
the meaning is distorted. This is in line with Ben-Zvi, Eylon, & Silberstein (1987) who 
pointed out that the common practice of focusing on individual particles such as atoms and 
molecules may perpetuate misconceptions. Sub-microscopic diagrams representing the 
behavior of sub-microscopic particles and presented symbolically tend to focus on single 
particles and this may bring about misconceptions. 
There are arguments (Sanger and Phelps, 2007) against the use of chemical diagrams as static 
chemical diagrams are used to depict dynamic processes. This is supported by Devetak, 
Urbancic, Wissiak Grm, Krnel, & Glazer, (2004) when they argue that use of symbols makes 
students think that chemistry is just a science of symbols of elements, formulae of 
compounds and chemical equations and do not understand its particulate nature and the 
dynamic processes involved. Sub-microscopic diagrams (pictorial) can be said to represent 
two levels (sub-microscopic and symbolic) of chemical representation and as such, the 
arguments leveled against the use of chemical diagrams are bound to apply to this kind of 
chemical representation. 
Due to chemical diagrams students often transfer the macroscopic properties of a substance to 
its sub-microscopic particles, for example, students think that sulphur atoms are yellow in 
colour since the substance sulphur is yellow. Carbon atoms are also thought to be black since 
most textbooks show carbon as black atoms. This is supported by (Anderson, 1990; Ingham 
and Gilbert, 1991; Garnett, Garnett and Hackling, 1995; Krnel, Watson, & Glazar, 1998). As 
a solution, teachers are advised to provide not only representations but physical examples or 
at least descriptions of the chemicals in the problem, thus, enabling students to make their 
own connections between the three levels of chemical conceptualization or portrayal (Gabel, 
Briner, and Haines (1992). Some researchers, Tasker and Dalton (2006) confirm that 
diagrams and animations do help in addressing common misconceptions. This way, students 
construct and reconcile their own representations that portray their understanding of chemical 
phenomena. 
It has also been noted by Harrison and Treagust (1996, 2002) that the various intuitive 
misconceptions held by students can be attributed to their inexperience in the use of scientific 
models, lack of appropriate or adequate mental representation, and their lack of ‘intellectual 
maturity’.  
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Literature on use of sub-microscopic representations to represent matter at particle level 
admits that there is still a cognitive gap between chemical diagrams and the way learners 
understand those diagrams. Diagrams are therefore, sometimes misleading, especially if they 
are not appealing to the learner. In other words, if an incorrect representation is used to 
explain an abstract concept, such as the particulate nature of matter, the learner will lose 
concentration and interest, especially if the application of the representation does not yield 
results when the learner attempts to solve chemical problems. For example, due to chemical 
diagrams, learners may transfer macroscopic properties of a substance to its sub-microscopic 
entities.  
2.3 Concept Development 
The issue of concept development is crucial in the study of chemical concepts. The definition 
of ‘concept development’ used in this study is drawn from two theoretical perspectives; 
knowledge-as-a theory perspectives (Carey, 1999; Chi, 2005; Loannides & Vosniadou, 2002) 
and knowledge-as-elements perspectives (Clark, 2006; diSessa, Gillespie, & Esterly, 2004; 
Linn, Eylon, & Davis, 2004). Firstly, it has the knowledge-as-theory perspective character as 
chemistry deals with very abstract theoretical concepts; for example the particulate nature of 
matter, which is the focus of this study. The atomic model is another obvious example, since 
it was developed from knowledge-as-theory perspective in my view. Secondly, it has the 
knowledge-as-elements as chemical concepts are ‘fragments’ that have to be put together in 
trying to explain abstract theories that characterize matter. 
The definition used in this study is similar to a scenario (Gallagher, 2012) about inductive 
reasoning in which concept development is likened to a process of building a house 
‘Constructing a house requires beginning at the bottom and building up; starting with the 
roof does not work. Builders first pour a foundation and then add the frame, floors, and the 
walls. Finally, with all the supports in place, a roof is built on top’. This is similar to Taba’s 
(1962) inductive reasoning approach in which she suggests a teaching approach: from the 
ground up-an inductive approach. In this approach, Taba (1962) believed that, just like roofs, 
higher-cognitive thinking is built upon a firm foundation; a foundation of quality information. 
Now, let us define the term ‘concept development’ based on this study’s perspective which 
has been hinted above.  
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“Concept Development is a teaching approach that gives a smaller view of a bigger picture 
by examining the theory around a concept, break it into manageable units and then put these 
units together as a whole once each unit is fully understood”.  
The definition given above seems to be the approach suitable in teaching highly theoretical 
chemical concepts. Even the ‘atomic theory’ did not start as small pieces of information, it 
started as a whole theory which was put into units through experimentation and then 
represented as a model later on. Perhaps we need to define the term ‘concept’ in order to 
explain ‘concept development’. A ‘concept’ is a set of elements which are instances of the 
concept (diSessa and Sherin, 1998). In other words a concept is defined by critical properties 
present in all examples of the concept. Concept development (Taba, 1966), follows three 
major steps: namely, concept formation, interpretation of data and application of principles. 
Concept formation is done in three phases; identifying and listing (exemplars of concepts), 
grouping according to common attributes (similar items together), and categorizing (labelling 
of categories). Interpretation of data also involves three phases; identifying critical 
relationships (differentiation), exploring relationships (cause-effect) and making inferences  
while application of principles entails the last three phases; namely, predicting consequences, 
explaining and/or supporting predictions and finally, testing and generalization. Phases in 
concept formation can be repeated or refined in for the learner to realize the critical 
characteristics of the concept. The interpretation of data step is very crucial as it leads to 
concept attainment, learners develop deductive reasoning. 
In concept development, a teacher should therefore, guide learners in forming the concept; 
the teacher helps them to realize the critical properties across different examples and to give a 
summary in form of a definition that learners themselves formulate. If there is no concept 
formation there will be no concept development.  
Chemical concepts are developed in the same way as mentioned above. The chemistry 
triangle thinking model used as the conceptual framework in this study is designed to help 
learners in concept development when dealing with chemical concepts that require them to 
make connections between the three levels (macroscopic, sub-microscopic and symbolic) in 
which chemistry is portrayed. The macroscopic level enables students in concept formation; 
sub-microscopic level helps in data interpretation (and application of principles) while the 
symbolic level helps in application of principles. The model is therefore a concept 
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development model in chemistry and is guided by Taba’s (1966) Concept Formation or 
Concept Development Model. The macroscopic level which involves senses through 
experiments will help learners to identify and list items (exemplars of concepts), for example, 
burning can be identified through observable characteristics, such as the colour of flame and 
production of heat. Using the same example, ‘burning’ the concept can be developed further 
using the sub-microscopic level, which explains the behavior of chemical reactants (particle 
entities) involved in the chemical process. The sub-microscopic level helps learners to 
identify hidden but critical relationships between elements constituting the concept ‘burning’ 
as well as exploring those relationships. The sub-microscopic level overlaps the last two 
stages (interpretation of data and application of principles) of concept development. The 
symbolic level makes use of symbols, formulae, chemical equations, pictorial representations 
and mathematical representations. This level can also be used to interpret and make 
predictions about data using principles. The chemistry triangle thinking model has a dual 
purpose; knowledge-as-theory perspectives (theories and beliefs, for example, theories 
around the concept of burning) through the macroscopic level and knowledge-as-elements 
perspectives (particles of reactants taking part in the burning process) through the sub-
microscopic level as well as the symbolic level. The model obeys inductive reasoning 
because it lays a firm foundation to the concept through real observed events (chemical 
phenomena), concept building blocks or elements through invisible but real sub-microscopic 
particles and just like in roofing, the symbolic level should be the last item in developing 
chemical concepts. Concept formation through the Chemistry Triangle Thinking Model 
seems to provide learners with an opportunity to explore chemical concepts by making 
connections and seeing relationships between the three levels which characterize matter 
(macroscopic, sub-microscopic and symbolic).  
2.4 Conceptual Change 
The unique conceptions about natural phenomena that are held by learners are often resistant 
to instruction ((Chandrasegaran, Treagust and Mocerino, 2007). This resistance to change has 
been attributed to the tendency for these conceptions to become firmly entrenched in 
learners’ minds as coherent but mistaken conceptual structures (Driver and Easley, 1978), 
especially when students’ conceptions are firmly established in their everyday life 
experiences. Conceptual change is based on two competing theoretical perspectives regarding 
knowledge structure coherence. As mentioned in the preceding Section 2.3, the perspectives 
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are broadly characterized as knowledge-as theory perspectives and knowledge-as elements 
perspectives (Ozdemir and Clark, 2007). According to (Carey, 1999; Chi, 2005; Loannides & 
Vosniadou, 2002; Wellman & Gelman, 1992), there is a strong debate on whether a student’s 
knowledge is most accurately represented as a coherent unified framework of theory-like 
character. Another school of thought (Clark, 2006; diSessa, Gillespie, & Esterly, 2004; 
Harrison, Grayson, & Treagust, 1999; Linn, Eylon, & Davis, 2004)) argue that a student’s 
knowledge is more aptly considered as ecology of quasi-independent elements. These two 
perspectives are crucial in conceptual change as they deal with knowledge structure 
coherence and how concepts emerge from that knowledge.  
Knowledge-as theory perspective hypothesise theory-like naïve knowledge structures 
(Ozdemir and Clark, 2007) and this knowledge is thought to involve coherent structures 
embedded in persistent ontological and epistemological dedications. Under this theoretical 
perspective, if a learner’s current conception is functional and if the learner can solve 
problems within the existing conceptual schema, then the learner does not feel a need to 
change the current conception (Posner, Strike, Hewson, & Gertzog (1982).  This notion is 
line with Kuhn’s idea of paradigm shift and Piaget’s notion of accommodation. Posner, 
Strike, Hewson, & Gertzog (1982), further pointed that when the current conception does not 
successfully solve some problems, the learner may make only moderate changes to his/her 
conceptions. This is what Hewson (1981) called ‘conceptual capture’ while Carey (1985) 
termed it ‘weak restructuring’. For conceptual change to occur, a learner must be dissatisfied 
with an initial conception in order to abandon it and accept a scientific conception (Ozdemir 
and Clark, 2007). This more radical change (Hewson, 1981) called ‘conceptual exchange’ or 
‘radical restructuring’ (Carey, 1985) characterizes knowledge-as-theory perspectives. In 
addition, Posner, Strike, Hewson, & Gertzog (1982) pointed out that a scientific conception 
must be fruitful, plausible and intelligible for successful conceptual change to take place. 
Fruitful means the new conception must appear to be the potential solution to current 
problems. Plausible means the new conception must appear to be truthful while intelligible 
means the new conception must be easy to see and be sensible to the learner. Attention to 
these cognitive conditions (intelligibility, plausibility and fruitfulness) is crucial during the 
learning process for successful conceptual change (Posner, Strike, Hewson, & Gertzog, 
1982). Ozdemir and Clark (2007) further suggest that this view (cognitive conditions) is a 
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very influential theory to determine a learner’s specific conceptions that result from the 
interaction between beliefs and the learner’s knowledge. 
What then is conceptual change? Conceptual change can therefore be defined as 
‘abandonment or modification of the previous concept and the adoption of a new intelligible, 
plausible and fruitful conception’. Learners bring enacted scientific world views (Kazembe & 
Nyanhi, 2010) to the classroom and these views affect the way students learn chemistry. 
These views may be based on cultural beliefs and everyday life experiences. Kazembe & 
Nyanhi (2010) further suggest that enacted scientific world views (alternative conceptions) 
are sometimes in conflict with the science community conceptions; hence the need for 
conceptual change. Ozdemir and Clark (2007) support this notion when they suggest that the 
main goal is to create a cognitive conflict to make a learner dissatisfied with his/her existing 
conception. A learner’s conceptual ecology consists of his/her conceptions and ideas rooted 
in his/her epistemological beliefs (Posner, Strike, Hewson, & Gertzog, 1982). These 
epistemological beliefs may retard conceptual change. 
On the other hand, proponents of the knowledge-as-elements perspectives (Clark, 2006; 
diSessa, 2006; Linn, Eylon & Davis, 2004) are of the view that students’ understanding in 
terms of collections of multiple quasi-independent elements is essential for successful 
conceptual change. This theory entails that a concept is characterized by independent units or 
elements with critical properties of the exemplars of the concept. Researches (Clark, 2006; 
diSessa, Gillespie, and Esterly, 2004; Linn, Eylon & Davis, 2004) draw researchers’ attention 
to collections of elements, including phenomenological primitives, facts, facets, narratives, 
concepts and mental models at various stages of conceptual change and conceptual 
development.  Knowledge structures of novice learners consist of primarily unstructured 
collections of many simple elements that are called phenomenological primitives (diSessa, 
1993). Phenomenological primitives reflect learners’ interactions with the physical world and 
as such, they are not theories because they are not produced under highly organized system 
like the framework theories proposed by the knowledge-as-theory perspectives (Ozdemir and 
Clark (2007). The term ‘phenomenological primitives’, refers to ideas generated from 
learners’ experiences, observations, and abstractions of phenomena. These ideas (alternative 
conceptions) constitute the learner’s prior knowledge which undergoes conceptual change. 
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This study adopts the two competing perspectives; knowledge-as-theory perspectives 
(revolutionary) and the knowledge-as elements perspectives (evolutionary). Revolutionary, in 
the sense that naive knowledge is replaced and evolutionary, in the sense that conceptual 
change involves revision, refinement and reorganization. Although the two perspectives 
differ in a number of ways, they do agree on some issues. For example, they agree that; 
learners acquire knowledge from their everyday experiences, learners’ naïve knowledge 
influences their formal learning and much naïve knowledge is highly resistant to change, thus 
conceptual change is time consuming. The chemistry triangle thinking model used in this 
study is what is believed to be the teaching, learning and assessment tool that facilitates 
conceptual change in chemistry. Chemistry concepts demand high levels of chemical 
conceptualization and this stands in the way of concept formation. It is therefore, imperative 
that chemical models should be able to facilitate both concept formation and conceptual 
change. The chemical triangle thinking model is in line with the two competing theories 
mention above. It is a teaching, learning and evaluation tool and is designed to effect concept 
formation, through the constant interplay of the three levels of chemical thinking as well as 
conceptual change as it has the potential to accommodate new theories in chemistry. The 
model manifests itself into a learner’s mental representation of chemical concepts and should 
therefore bring about both concept development and conceptual change. Other studies 
(Davidowitz and Chittleborough, 2009; Devetak, Urbancic, Wissiak, Krnel and Glazar, 2004; 
Devetak, Vogrinc, & Glažar, 2009; Chittleborough and Treagust, 2008) suggest use of sub-
microscopic representations as they help learners to develop mental models of chemical 
concepts. However, Chittleborough and Treagust, (2008) point out that chemical diagrams 
are unreal, vague and amorphous to some learners and as such, they suggest careful and 
explicit use of chemical diagrams (sub-microscopic representations).  
2.5. Evaluation of chemistry learning  
Evaluation is an essential process in chemistry curriculum development, teaching and 
learning of chemistry concepts after concept formation and conceptual change have been 
instituted in learners. Teachers should help in the processes of concept formation and 
conceptual change through multiple representations during instruction. It is therefore, 
imperative that appropriate teaching, learning and evaluating mechanisms be developed. 
Evaluation therefore, is a process that measures how effective were methods of instruction in 
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bringing about concept formation and this in turn helps in establishing whether conceptual 
change did take place. 
According to Wilson and Scalise (2006), evaluation involves ‘whether the students really did 
know the material they were responsible for in the first place; how we know they knew it; and 
whether sound metacognitive principles are in place for instructors and students to monitor 
and improve student learning processes, optimising their ability to construct, learn, retain 
and transfer knowledge’. However, evaluation is a process made up of two major 
components; formative and summative evaluations. The discussion relating to the two types 
of evaluation now follows. 
Formative evaluation occurs during instruction and learning; providing immediate feedback 
to learners. Formative assessment and feedback play a very important role in providing 
progress evaluation of learners’ conceptions about chemical concepts before summative 
evaluation. Classroom practice without feedback produces little learning (Wilson and Scalise, 
2006) and one of the persistent dilemmas in education is that students spend time practising 
incorrect skills with little or no feedback. Wilson and Scalise (2006) further pointed out that 
for less capable students, unguided practice can be practice in performing tasks incorrectly. 
Effective assessment practice can play a powerful role in the learning experience (Black and 
William, 1998), for instance, moving an average learner to the top third of the class. Wilson 
and Scalise (2006) suggest that effective assessment can only be achieved if learners’ tasks 
are aligned or on target with learning goals, and learners need to receive meaningful and 
timely feedback on their performance. This will make learners understand measures on which 
they will be judged, where they stand on these measures and how they can improve (Black 
and William, 1998). According to Bransford, Brown and Cocking (2000), timely feedback 
and revision on activities aligned with learning goals, is crucial for developing adaptive 
expertise, learning, transfer and development and this is rarely practised in many classrooms. 
On the other hand, a single summative assessment (score), in form of a grade does very little 
to inform understanding of complex concepts (Bransford, Brown and Cocking, 2000). For 
example, a concept such as, the particulate nature of matter needs a lot of formative activities 
in order for meaningful learning to occur. 
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The assessment models adopted in this literature review for this study are the Berkeley 
Evaluation & Assessment Research Assessment (BEAR) System and the ChemQuery 
Assessment System perspective of chemists of matter.  
BEAR Assessment system consists of user friendly tools for generating solid diagnostic 
information and feedback and probably useful in large class settings (William and Sloane, 
2000). BEAR assessment system is said to be comprehensive, integrated, interpreting, 
monitoring and responding to learner performance, reliably good in assessing performance on 
central concepts and skills in curriculum (Wilson and Scalise, 2006). In addition, this 
assessment system sets standards of performance; it validly tracks progress on central 
concepts over the year as well as providing strategies and/or mechanisms for feedback and 
follow-up. BEAR is an embedded assessment system in which concept activities become part 
of class learning activities (Linn and Baker, 1996). Activities are usually in the form of 
classwork, homework, experiments and class discussion. Finally, BEAR is characterised by 
the following principles; developmental perspective (learners understand certain concepts 
over a period of time), alignment of instruction and assessment (progress and assessment 
tasks), generation of quality evidence (for reliability, validity, fairness and comparability of 
results) and lastly, management by teachers (for feedback, feed forward and follow-up) 
(Wilson, 2005). 
The ChemQuery Assessment System perspective of chemists of matter follows the 
developmental principle under the progress variable (formative assessment) called 
“perspectives of chemists”, hence the reason why it is an ideal assessment model for 
chemical concepts. The ChemQuery Assessment System perspective is designed to develop 
understanding of chemical concepts from beginner to experienced level sophistication 
(Wilson and Scalise, 2006). It should be noted that the Chemistry Triangle thinking model 
used in this study’s conceptual framework is similar to the ChemQuery Assessment system as 
it allows concept formation through the following stages; notions about matter (initial ideas), 
recognition of how matter is conceptualised, formulation of properties of matter (atoms, 
molecules, ions, mixtures and compound) and construction (understanding structure and 
properties of matter using models). 
In some other researches (Chandrasegaran, Treagust and Mocerino, 2007; Devetak, Urbancic, 
Wissiak Grm, Krnel, & Glaser, 2004; Devetak, Vogrinc, & Glažar, 2009; Tamir, 1989) 
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suggest the use of a two-tier multiple-choice diagnostic instrument to evaluate learners’ 
chemical conceptions. A two- tier multiple-choice diagnostic instrument entails a multiple-
choice test that requires learners to justify their choices in order to show understanding. 
Inclusion of justifications to multiple-choice items was first proposed by Tamir (1971). The 
two-tier multiple-choice instrument, is thought to enable secondary students describe and 
explain chemical concepts using macroscopic, sub-microscopic and symbolic representations. 
In fact, Tamir (1989) found the use of justifications when responding to multiple-choice test 
items to be a sensitive way of assessing meaningful learning among learners and also serves 
as an effective diagnostic tool.  
According to Gabel (1999), improved conceptual understanding prevails only when students 
are helped to see the connections between the three levels of representation. Indeed, a two-
tier multiple choice instrument to evaluate Grade 10 physical science learners’ reasoning 
about basic chemical phenomena at sub-microscopic level was used in this research. 
Nonetheless, the theoretical basis of studies that use a two-tier multiple choice assessment 
instrument should be a constructivist approach (Chandrasegaran, Treagust and Mocerino, 
2007), grounded in the belief that a learner’s prior knowledge is a major factor in determining 
the outcomes of learning (Ausubel, 1968).  
2.6 The conceptual framework 
The conceptual framework of this study was influenced by the armchair analysis of the 
poorly performed  South African November 2009 Grade 12 National School Certificate 
Examination in the physical science paper 2 component carried out by the author and is based 
on the three levels in which chemistry is conceptualized. The armchair analysis sought to 
establish the nature of questions that had been set and whether this was the major source of 
difficulty. The analysis revealed that questions that had been predominantly set required 
candidates to make connections between the three levels in which chemistry is portrayed. The 
study by Umesh and Aleyamma (2012) supports this as it revealed the same findings in terms 
of the nature of the questions set in the November 2012 physical science (chemistry 
component). It is against this background that the conceptual framework of this study was 
based on the three levels of matter as suggested by Johnstone (1991, 1993, and 2000). He 
classified matter into three conceptual levels: the macroscopic, sub-microscopic and symbolic 
levels. Numerous studies (Chittleborough, Treagust, & Macerino, 2002; Treagust, 
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Chittleborough, & Mamiala, 2003; Nahum, Hofstein, Mamlok-Naaman and Bar-dov, (2004); 
Devetak, 2005; Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004; Sirhan, 2007; 
Devetak,  Vogrinc, & Glažar, 2009) have indeed shown that matter can be conceptualized at 
these three levels.  The link between these levels should be explicitly taught (Johnstone, 
1991; Gabel, 1992; Harrison and Treagust, 2000; Treagust, Chittleborough, & Mamiala, 
2003; Treagust et al., 2010).  Sirhan (2007) mentions that, the interactions and distinctions 
between the levels are important characteristics of chemistry learning and are therefore 
necessary for achievement in comprehending chemical concepts. These chemistry facets can 
be termed “the chemistry triangle thinking” model. The chemistry triangle thinking model is 
a learning, teaching and assessment tool in chemistry. The conceptual levels involved in the 
chemistry thinking triangle model used in translating chemical concepts are discussed in the 
review below. The review aims at exploring the way in which chemical concepts are thought 
to be conceptualized and establish how the model may minimize learning difficulties in the 
teaching and learning of chemistry. The model diagram showing the three levels of chemical 
thinking is shown below in Figure 2.1: Chemistry Triangle Thinking Model. The model 
entails thinking that requires learners to make transitions across the three levels in which 
chemistry is portrayed. The three levels are inseparable as there is constant interplay between 
them (Sirhan, 2007). The complexity of teaching and learning chemical concepts essentially 
lies in these three levels of chemical conceptualization (Devetak, Urbancic, Wissiak Grm, 
Krnel, & Glaser, 2004) and the complexity of chemistry itself. 
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Figure 2.1: Chemistry Triangle Thinking Model 
 
 
 
 
 
 
 
 
 
(Johnstone, 1993, 2000; Chittleborough, Treagust, & Macerino, 2002; Treagust, Chittleborough, & 
Mamiala, 2003; Nahum, Hofstein, Mamlok-Naaman and Bar-dov, (2004); Devetak, Urbancic, Wissiak 
Grm, Krnel, & Glaser, 2004; Devetak, 2005; Sirhan, 2007; Devetak, Vogrinc, & Glažar, 2009) 
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Macroscopic level, according to (Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004); 
Devetak, Vogrinc, & Glažar, 2007, 2009) entails sensory and concrete information derived 
from a chemical process. These processes are usually the experiments carried out in the 
laboratory which are observable and easily visualized by the student and as such this level is 
real. This level is thought to generate interest in students and motivates them at the 
macroscopic level, but sustaining this interest conceptually at the sub-microscopic and 
symbolic levels is a real pedagogical challenge ((Johnstone, 1991; Cachapuz and Martin 
1993; Albanese and Vicenti, 1997; Maskill , Cachapuz, and Kouladis,1997; Johnson, 1998; 
Gabel, 1999). Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004) found that as regards 
chemistry, students are highly motivated to learn at the concrete macroscopic levels 
(performing experiments), but less so at the sub-microscopic and symbolic levels. The 
macroscopic level is considered easy to comprehend but explaining it in terms of sub-
microscopic particles appears difficult to many students, thus a tension exists between these 
two levels. In view of this, Johnstone (2000) emphasizes the importance of beginning with 
the macro and the symbolic levels as both are visualisable and can be made concrete with 
models. 
Sub-microscopic level is real but invisible and difficult to mentally visualize, thus, can be 
difficult to comprehend (Gilbert and Treagust, 2009) and as such, explaining chemical 
reactions demands that a mental image is developed to present the sub-micro particles in the 
substances being observed. The sub-microscopic level cannot easily be seen directly, and 
while its principles and components are currently accepted as true and real, it depends on the 
atomic theory of matter (Davidowitz and Chittleborough, 2009). It is sometimes referred to as 
the atomic or molecular level as it deals with matter at particle level. It calls for a deeper 
understanding of the particulate nature of matter. This level is used to explain what happens 
at the macroscopic level (Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser, 2004) and is 
based on the atomic theory model. It contributes immensely to the complexity of chemistry as 
it deals with the abstract particle theory. The sub-microscopic level is considered the most 
difficult (Nelson, 2002; Chittleborough, and Treagust, 2008) as it is described by the atomic 
theory of matter, in terms of particles such as electrons, atoms, ions and molecules. 
Symbolic level is the chemical language and is used to communicate the other two levels of 
phenomena. It takes the form of symbols, formulae, chemical equations, sub-microscopic 
representations, graphs and mathematical representations, scheme, etc. (Devetak, Vogrinc, & 
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Glažar, 2009). These are used by the science community to communicate easily about the 
phenomena at the abstract levels. As already mentioned, language influences thinking 
processes necessary to tackle any task. In addition, language problems overload working 
memory space (Johnstone & Selepeng, 2001). Contrary to what Nelson (2002) said, the 
symbolic level is the most difficult for students to comprehend ( Devetak, Vogrinc, & Glažar, 
2009), especially if they lack the understanding of the sub-microscopic level of chemical 
concepts. According to de Jong and van Driel (2004), the complex nature of chemistry and 
the significant intellectual challenge facing any novice learner to the subject who could be 
overwhelmed by the conceptual demands of shifting between the three levels of 
representation, is attributed to the unique duality nature of chemical representations such as 
diagrams, with links to both the macro and sub-micro levels at the same time. This has the 
effect of overloading the working memory space, hence, a learning difficulty. 
The three chemical thinking levels are believed to represent the correct thinking 
representational model. Difficulties in the learning of chemical concepts are attributed to lack 
of or inadequate mental representation of the chemical reality being taught (Onwu and 
Randall, 2006).This therefore, seems to suggest that it is upon the realization of the three 
levels by the student that chemical concepts begin to make sense. In other words, it is 
believed that the interaction of the three levels helps students develop a mental model which 
will culminate into a somewhat, correct mental representation of chemical phenomena. 
However, constant interplay (Sirhan, 2007) or interaction and/or interdependence (Devetak, 
Vogrinc, & Glažar, 2009) between the three levels of chemical thinking are essential to any 
meaningful chemical learning. The interaction and interdependence of the three levels, 
termed ‘Interdependence of Three Levels of Science concepts model’ (ITLS) by Devetak, 
Vogrinc, & Glažar, (2007, 2009) manifests itself into the mental model of the student. 
According to (Devetak, Vogrinc, & Glažar, 2007, 2009), the model is founded on two 
different theories such as the dual coding (two cognitive systems; one for the representation 
and processing of non-verbal phenomena or events and the other for handling language 
problems) theory (Paivio, 1986), and (SOI model) for selection, organization and integration 
of information (Mayer, 1996). The SOI model entails the ability by the learner to select, 
organize and integrate (relate it to prior knowledge or experiences) pieces of information in 
order to make sense out of it. As can be seen, the two theories describe high level intellectual 
thinking which is needed or demanded when students go about making connections or 
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switching between the three levels of chemical thinking. They need to correctly represent the 
phenomena mentally in order to correctly visualize abstract (non-verbal events) concepts. 
They also involve working memory space overload as connections between working memory 
and long-term memory are needed in order to make sense of the incoming abstract 
information. These theories were later modified into what is now known as ‘cognitive theory 
of multimedia learning’ as they constitute multiple methods or representing same chemical 
concepts (Mayer, 2002; Mayer and Moreno, 2001). Thus, it would not suffice to use only one 
method of representation to completely describe a single chemical phenomenon. For 
example, Devetak, Vogrinc, & Glažar (2009), point out that the mere combination of the 
three levels of conceptualization of chemical concepts is not enough and this confirms the 
need for multiple representations in the development of understanding of chemical concepts. 
In fact, they suggest the inclusion of the motivation aspect in teaching and learning of 
chemistry.  Furthermore, linking the sub-microscopic representations with the other two can 
be enhanced by including visualization tools such as animations (Tasker & Dalton, 2006). In 
addition, Gilbert (2005) proposes that visualization involves more than just forming a mental 
image but rather involves metacognition, requiring a learner to navigate and explore through 
multiple images, make judgments and finally attach meaning to it. 
Research (Chittleborough, Treagust, & Macerino, 2002; Devetak, Urbancic, Wissiak Grm, 
Krnel, & Glaser, 2004; Devetak, Vogrinc, & Glažar, 2007 and 2009; Treagust, 
Chittleborough, & Mamiala, 2003 and 2010; Onwu and Randall, 2006; Davidowitz and 
Chittleborough, 2009; Umesh and Aleyamma, 2012) has revealed that making connections 
between the three level of chemical communication is not always apparent to learners. A 
scaffolding approach in which the teacher supports students by making them focus on the 
connections between the levels should be considered (Umesh and Aleyamma, 2012). In their 
study about learning difficulties experienced by grade 12 South African students in the 
chemical representation of phenomena, Umesh and Aleyamma (2012) it became clear that 
students had an understanding of the concept at the discrete levels of representation in a 
transformation, but found it challenging to make connections across the levels. Other authors 
(Hinton and Nakhleh, 1999; Kozman and Russell, 2005) have suggested that students should 
be made aware of all three level of representation and given opportunities to manipulate them 
when solving chemical problems. There seems to be a tension between teaching macroscopic 
chemistry and the difficulties of explaining macroscopic changes or events in terms of sub-
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microscopic particles (Harrison and Treagust, 2002), hence the conceptual framework the 
study has adopted. Johnstone (1991) and Gabel, Briner, &Haines (1992) have ascribed part of 
the tension to how and when to deal with the three levels when teaching chemical concepts. 
This poses a serious pedagogical challenge. In fact, teachers often explain chemical concepts 
only at the abstract level, symbolic level (Georgiadou and Tsaparlis, 2000; Treagust, 
Chittleborough, and Mamiala, 2001; Papageorgiou and Johnson, 2005; Tien, Teichert, & 
Rickey, 2007; Umesh and Aleyamma, 2012) and this makes the subject difficult as no 
connections to the other two levels are made. 
The purpose  of the study was to determine South African Grade 10 physical science 
students’ reasoning when solving chemical problems that require them to make connections 
between the three levels in which chemistry is portrayed using sub-microscopic 
representations, hence the choice of the “Chemistry Triangle Thinking Model” as the 
conceptual framework that guided the study. 
2.7 Summary 
This chapter explored the literature concerning the scope of this research study: in the areas 
of learning difficulties in the teaching and learning of chemistry and their possible causes, the 
use of sub-microscopic representational models including their advantages and limitations in 
the learning and teaching of chemical concepts and chemistry triangle thinking model which 
forms the basis of the conceptual framework of the study. This chapter also explored 
literature on concept development, conceptual change and evaluation of chemical concepts. 
The learning difficulties included the abstract nature of the chemistry discipline with special 
reference to the particulate nature of matter, misconceptions or alternative frameworks or pre-
conceptions and/or learners conceptions,  the way chemistry is conceptualized (macroscopic, 
sub-microscopic and symbolic) and how it is associated with working memory space 
overload and the theory of multiple representations, learners’ prior knowledge or experiences, 
language problems, teachers and textbooks as possible sources of misconceptions, lack of 
proper mental representation in novice learners and motivational aspects.  
The literature on sub-microscopic representational models centered mainly on how useful 
they are as well as their limitations. Studies which have made use of sub-microscopic 
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representations were the focus point and were accordingly cited. Attention was also drawn to 
the careful and explicit use of sub-microscopic representations.  
The “Chemistry Triangle Thinking Model” was the pillar of the conceptual framework and 
was discussed at length. Included in this was the modified Interdependence of Three Levels 
of Science concepts (ITLS) model by Devetak, Vogrinc, & Glažar (2009) which puts 
emphasis on the interdependence of the three levels into which chemistry is portrayed. 
Emphasis on this model was essential as it stresses the need for the recognition of 
relationships between different representations in the teaching and learning of chemical 
concepts for better conceptual understandings.  The problems (as a possible source of 
difficulty) associated with the chemistry triangle thinking model were also highlighted.  
Finally, literature on concept formation, conceptual change and evaluation of chemical 
concepts was carefully explored in order to match what the conceptual framework demanded. 
Issues concerning the teaching, learning and evaluation involving the chemistry triangle 
thinking model were considered in depth. This was done in order to align literature with the 
conceptual framework. In conclusion, only the areas that directly had to do with the 
conceptual framework were considered in this literature review chapter. This was done in 
order to pay particular attention to matters that would best help in answering the research 
questions of the study. 
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CHAPTER 3 
Research Methodology 
This chapter deals with the research methodology. This section about the research 
methodology is organized under the following sub-headings: research informants, research 
context, research method and design, population and sample, instrumentation, scoring 
procedure of research instruments, data collection, data analysis and interpretation, reliability 
and validation of instruments, pilot testing of instruments, credibility and trustworthiness, 
ethical considerations and the summary of the chapter. 
3.1 Research Informants 
Grade 10 physical science intact classes (n=280) participated in the study. The learners came 
from the communities around their schools. The average age for grade 10 learners in this 
study was 16 years. 
Three teachers participated in the interviews. They came from the same community as their 
learners. Their qualifications ranged between Higher Education Diploma (1), Bachelor of 
Education Degree (2), and Bachelor of Education Honours Degree (1) in mathematics, 
Bachelor of Science Education (1) in Life Sciences and Chemistry (1) and Bachelor of 
Science Honours Degree with a Postgraduate Certificate in Education in physics and 
chemistry.  From their qualifications, it can be noted that teachers had mixed qualifications. 
The term “mixed qualifications” refers to a mixture of life sciences, chemistry, physics and 
mathematics. The participant teachers are typical high school teachers by South African 
standards and could teach in any of the schools in the population in which the sample was 
obtained. 
3.2 Research Context 
The study was undertaken in Gauteng’s Tshwane North District (D3). The majority (58%) of 
the district’s schools are located in poorly resourced townships whereas the minority (42%) is 
city (Pretoria) schools. Unlike the city schools, the township schools are under-resourced 
both in terms of learner support materials and qualified physical science teachers. Overall, 
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students performed badly in the November 2009 physical science public examinations. The 
study was conducted with Grade 10 physical science learners in their intact classes from six 
different townships secondary schools which had been offering physical science matric 
(National School Certificate) examinations for at least the last five years. Insights concerning 
learners’ reasoning (with regards to the study) from high, average and low performing 
schools enhanced the effectiveness of the study. Grade 10 physical science learners were the 
target population. This is because grade 10 is the level at which the foundation to the  Grade 
12 physical science coursework is laid, and this enabled the researcher to gain insights into 
the challenges and problems that lead to learners’ poor performance in public examinations. 
3.3 Research Method and Design 
The study used an ex-post facto research design and a mixed methods research approach to 
collect and analyze both quantitative and qualitative data from Grade 10 physical science 
learners with regard to solving chemistry tasks using sub-microscopic representations.  
The ex-post facto research design in this study implies that the independent (formal teaching) 
and dependent (formal learning) variables have already occurred. Ex-post facto research is a 
systematic empirical inquiry in which the scientist does not have direct control of 
independent variables because their manifestations have already occurred and they are 
inherently not manipulated. Inferences about relationships among variables are made, without 
direct intervention and this kind of research design is based on a scientific and analytical 
examination of dependent and independent variables. Independent variables are studied in 
retrospect for seeking possible and plausible relations and the likely effects that the changes 
in independent variables produce on a single or a set of dependent variables. The 
investigation started after the fact had occurred without interference from the researcher.  
A mixed method research approach was used because primary data was quantitative while 
secondary data was qualitative. Learners’ quantitative scores were used to determine their 
level of achievement whereas reasons (justifications) and verbal explanations (focus group 
discussions) for their choice of responses were used to assess their understanding of chemical 
concepts. Justifications were also scored alongside the achievement scores. The qualitative 
data were derived from written (justifications) and verbal explanations (interviews) that the 
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learners gave in support of their responses to answers in the test of basic chemical knowledge 
(TBCK). Data from teachers’ interviews augmented qualitative data derived from learners’ 
interviews and this served as data triangulation. 
A mixed method research approach is a fairly new design and researchers need to understand 
what it entails. Research (Creswell, Plano Clark, Gutmann, & Hanson, 2003) defines the 
approach as“the collection or analysis of both quantitative and qualitative data in a single 
study in which the data are collected concurrently or sequentially, are given a priority, and 
involve the integration of the data at one or more stages in the process of research”. 
Researchers may enrich their results in ways that one form of data does not allow when both 
quantitative and qualitative data are included in a study (Brewer & Hunter, 1989; Tashakkori 
& Teddlie, 1998). The term “mixed methods” is self-explanatory, referring to the mixing of 
the two traditional paradigms, namely, quantitative and qualitative methods. Using both 
forms of data, for example, allows researchers to simultaneously generalize results from a 
sample to a population and to gain a deeper understanding of the phenomenon of interest 
(Hanson, Creswell, Plano Clark, Petska,  Creswell,  2005) and this also allows researchers to 
test theoretical models and to modify them based on participant feedback. Thus, instrument-
based measurements results which are precise, may, likewise, be augmented by contextual, 
field-based information (Greene & Caracelli, 1997). 
For the purposes of this study, a definition that draws from literature (Brewer & Hunter, 
1989; Greene & Caracelli, 1997; Tashakkori & Teddlie, 1998; Hanson, Creswell, Plano 
Clark, Petska, Creswell, 2005) has evolved. The design is therefore defined as follows: 
Mixed methods research is a design that employs methods of inquiry with certain 
philosophical assumptions. It is both a method and a methodology (Creswell and Plano Clark 
(2007). As a method, it draws attention to collecting, analysing and mixing the two traditional 
quantitative and qualitative paradigms and as a methodology; it has philosophical 
assumptions that guide collection and analysis of data and the integration of quantitative and 
qualitative paradigms at different stages during the research process. As a mixed methods 
research design, it provides an opportunity to reveal that which cannot be revealed by either 
quantitative or qualitative paradigms alone and its basic premise is that the combination 
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provides a better understanding of research problems than either approach by itself (Creswell, 
2005). It is a design that minimises the weaknesses of either of the paradigms. 
In view of the above stated definition it can be concluded that the separate strengths and 
weaknesses of quantitative and qualitative approaches complement one another, making them 
suitable for use together (Brewer & Hunter, 1989; Mangen, 1995; Rank, 1996; Hendrickson 
Christensen & Dahl, 1997) and this also enhances the validity of findings by obtaining 
similar results from each method employed (Rank, 1996; Perlesz & Lindsay, 2003; Greene, 
2005). In addition, it can also be argued that mixing methods allows researchers to challenge 
conventional wisdom by uncovering discordant data and confronting discrepancies (Rank, 
1996; Perlesz & Lindsay, 2003; Greene, 2005). Advantages (its value) seem to outweigh the 
disadvantages (potential difficulty) in this methodological approach. 
In conclusion, a mixed methods research design can be said to have the following 
characteristics, hence the choice of it in this study: 
• It provides strengths that offset the weaknesses of both qualitative and quantitative 
research. 
• It provides more comprehensive evidence for studying a research problem either 
quantitative or qualitative research alone. 
• It helps answer questions that cannot be answered by quantitative or qualitative 
research alone. 
• It encourages researchers to collaborate across what appears to be antagonistic 
relationship between quantitative and qualitative researchers. 
• It encourages the use of multiple worldviews or approaches rather than associating 
certain approaches to quantitative researchers and others to qualitative researchers. 
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• It is practical as the researcher is at liberty to use all methods possible to address a 
research problem. 
• Its value exceeds its difficulty in carrying it out. It is usually expensive and takes very 
long to collect and analyse both quantitative and qualitative data. 
It is against this background that the researcher of this study chose a mixed methods research 
design as it reasonably appears to be both a flexible method and methodology. 
3.4 Population and Sample 
The population for this study was Grade 10 beginner physical science learners (1215) in 
Tshwane North District (D3)’s township secondary schools (27) in 2013. Grade 10 physical 
science marks the entry point into a three-year physical science preparation for the National 
Senior Certificate examinations, hence the choice of learners that completed grade 10. The 
sample was made up of a total of 280 learners (23%) in their intact classes. Stratified and 
purposive sampling procedures were used. Stratified sampling would ensure equal 
representations of all abilities. Purposive sampling (Tshwane North District Schools), was 
used as the schools were the majority of the under resourced schools in Tshwane as a whole, 
and also partly because the researcher was working in the same district. The sample 
comprised high, (70% to 100% or levels 6 and 7), average (50% to 69% or levels 4 and 5) 
and low (0% to 49% or levels 1, 2 and 3) performing schools that had been offering National 
Senior Certificate examinations for the period 2005-2009.  
Firstly, the 27 schools were identified and categorized in terms of whether they had been 
offering Grade 12 National Senior Certificate Examinations in physical science in the last 
five years (2005-2009) and then secondly using Grade 12 physical science results 
(performance) in 2009. Five (5) schools were categorized as high performing, seven (7) 
schools as average performing and fifteen (15) schools as low performing schools. The first 
criterion used (offering grade 12 National Senior Examinations for at least past 5 years) was 
to ensure consistency regarding grade 12 physical science results. Performance was chosen as 
the second criterion as the study was prompted by poor performance by grade 12 candidates 
in physical science, especially in 2009. Three strata (high, average and low performing 
schools) were determined and random sampling was then used to select two schools from 
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each stratum. Each school selected had either at least 45 (one class) physical science learners 
or at most 135 (three classes). The number of learners taking physical science per school was 
not very important as the research is based on reasoning by individual learners. It is policy in 
South Africa that no learner should be discriminated against taking physical science and 
therefore no streaming is practiced in Tshwane North District schools. All classes selected 
were mixed ability classes. 
To ensure representation of all abilities, stratified random sampling was carried out in two 
stages: firstly, based on performance and secondly, based on whether the schools had been 
offering National Senior Certificate examinations since 2005. Grade 12 candidates are the 
end product of a three year matric course comprising of grades 10, 11 and 12. Random 
sampling usually referred to as epsem sampling or the ‘equal probability of selection method’ 
(Ross, 2005) was then used to select six (two from each stratum) schools, so as to ensure 
equal probability of selection for all elements in the population. The sample comprised 280 
students and six teachers from the six selected schools. 
3.5 Research Instruments 
Four instruments were used to collect data; Test of Basic Chemical Knowledge (TBCK) to 
learners, Focus Group Discussions guide (FGD guide) with learners, Chemistry Teachers’ 
interview schedule and Document Analysis (leaner classwork, notes and homework books). 
A Test of Basic Chemical Knowledge (TBCK) was given to learners during the first phase of 
collecting data, and Focus group discussions (the second phase) were then carried out with 36 
selected learners (12.8%) and interviews with their teachers in order to get better insight and 
understanding into how learners went about when they tried to solve chemistry problems that 
required them to use sub-microscopic representations. In addition, document analysis in all 
the participating schools was carried out to triangulate data. Descriptions of each instrument 
are discussed below. 
3.5.1 Test of Basic Chemical Knowledge (TBCK) 
A paper and pencil Test of Basic Chemical Knowledge (TBCK) to determine the learners’ 
achievement when solving basic chemical concepts using sub-microscopic representations 
was used. The TBCK instrument comprised nine (9) multiple choice questions (for 
achievement) and nine (9) justifications questions (achievement and reasoning) which 
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involved reading of sub-microscopic representations that depicted atoms, elements, 
molecules, compounds and mixtures, solutions of a base, an acid and a soluble ionic 
compound as well as diagrams that depicted solutions of a substance with different 
concentrations. This was done in order to assess learners’ reasoning ability in macroscopic, 
symbolic, and sub-microscopic thinking and combinations of all the three levels when 
dealing with chemical concepts at particle level. This enabled the researcher to see whether 
learners did better in one or more categories compared with the others.  
Five tasks made up the TBCK and first task item (reading of submicroscopic representational 
models) is given below. Task items 2 to 5 [adapted with written permission from 
Devetak,Vogrinc, & Glažar (2009)] are shown in the Appendix section (V). The first test 
item Figure 3.1: TBCK task 1 involved atoms, molecules, compounds and mixtures, the basic 
conceptual starting point for understanding particle model. Task item 1 in Figure 3.1: TBCK 
task 1 is modelled on Onwu and Randall (2006)’s instruments. It required of the student to 
relate the particle model of atoms, molecules and compounds (microscopic) as well as to 
determine the state of one of the given substances (macroscopic), using pictorial 
representations (symbolic thinking). There were five decision rules to be made about what is 
given: Is it pure? Is it an element? Is it a mixture? Is it a compound?  In what state is the 
substance? A justification to each of the choices made was also required. 
Figure 3.1: TBCK task 1 
Task item no. 1 (Question1). Study the diagrams below and answer questions that follow. 
 
 
 
 
Refer to Table 3.1: Key to TBCK Task 1 below in order to answer questions (Q1.1, Q1.2, 
Q1.3, Q1.4, and Q1.5) which follow.  
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Table 3.1: Key to TBCK Task 1 
Description of Symbol (circle) 
 
Representing the following 
Single circle (shaded or not shaded). 
 
An atom of an element. 
Two same sized and joined circles.   A molecule of an element. 
Two or more different sized circles joined 
together. 
A molecule of a compound. 
 
Question instructions: 
Refer to diagrams A-D to answer the following questions. Encircle only the letter 
corresponding to the diagram. 
1.0 Identify each of the above drawings/schema as: 
               1.1 A pure element; A or B or C or D 
Give a reason (justification) for your 
choice_______________________________________________  (2) 
1.2 A pure compound; A or B or C or D 
Give a reason (justification) for your 
choice_______________________________________________  (2) 
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          1.3.     A mixture of elements; A or B or C or D 
Give a reason (justification) for your 
choice__________________________________________________  (2) 
1.4.  A mixture of compounds; A or B or C or D 
Give a reason (justification) for your 
choice_________________________________________________    (2) 
1.5. Which of the diagrams is most likely to be a solid? A or B or C or D 
            Give a reason (justification) for your choice_______________________________ 
 (2) 
 
Question 1 Analysis Key 
 
       Identification of Diagram:   
 
1.1 Answer: a pure element; A 
Reason: made up of the same type of atoms 
 
1.2 Answer: a pure compound; D 
Reason: made up of the same molecules containing only two different types of 
atoms  
 
1.3 Answer: a mixture of two elements; C 
Reason: made up of atoms of one kind and molecules of another type of atoms. 
 
1.4 Answer: a mixture of two compounds; B 
Reason: containing two types of different molecules made up of different types of 
atoms 
  
1.5 Answer: Diagram A is most likely to be solid. 
      Reason: particles are very close to each other and uniformly packed together. 
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The ‘Chemistry Triangle Thinking Model’ adopted from (Johnstone, 1993; Chittleborough, 
Treagust, & Macerino, 2002; Sirhan, 2007; Devetak, Urbancic, Wissiak Grm, Krnel, & 
Glaser, 2004; Devetak,Vogrinc, & Glažar, 2009) in the conceptual framework was used to 
develop  the first task item and to adopt four of the five instruments mentioned above. Task 
items (2, 3, 4 & 5) in Appendix (I) were adopted from Devetak, Vogrinc, & Glažar (2009) 
with written permission [Appendix (V)]. The triangle is based on the fact that chemistry can 
be represented at three levels of thinking (i.e. macroscopic, sub-microscopic and symbolic).  
3.5.2 Focus Group Discussions (FGD) 
In addition, Focus group discussions with 36 learners (12.8%) from the sample were carried 
out to triangulate data as indicated in the conceptual framework. Each school’s respondents’ 
scores were categorized into high, average and low performers. Random sampling of 
participants (2 learners from each category) then followed. This was done to ensure equal 
representation of all categories. Focus group discussions were carried out soon after the 
marking of the TBCK to gain more insight into how learners reasoned about the phenomena 
presented to them. Each focus group comprised 6 learners. Using the Focus group guide 
questions, the researcher sat down and discussed them with the selected learners. In addition, 
data from these discussions took the form of field notes that included some citations by the 
learners about their ideas.  
The TBCK feedback in line with the conceptual framework guided the formulation of the 
Focus group discussions guide questions. Focus group discussions guide questions (Appendix 
IV) were also structured in line with the elements of the conceptual framework (macroscopic, 
sub-microscopic and symbolic). In other words the nature of the questions and the responses 
to the questions in the TBCK guided focus group discussions guide questions. The structure 
of these questions was developed based on the performance by learners in the TBCK. This 
was done in order to have an in-depth understanding of how learners reasoned about the 
tested items and why they reasoned the way they did. The selection of Focus group 
discussion learners was random. The Focus Group Discussion (FGD) with the learners was 
carried out soon after marking the test. 
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3.5.3 Teacher Interviews 
Similarly, the teacher interview schedule (Appendix IV) questions were designed in line with 
the learners’ focus group discussions guide questions which had been designed using the 
three facets (macroscopic, sub-microscopic and symbolic levels) of the conceptual 
framework. This ensured different ways of looking at the same thing (data triangulation). 
Interviews with teachers were carried out soon after the focus group discussions. This aimed 
at establishing some of the ways teachers use when they help learners make connections 
between the three levels of chemical communication, i.e. macroscopic, sub-microscopic and 
symbolic. The teacher interviews were also aimed at revealing some of the challenges the 
teachers face when making transitions across the three levels. The researcher sat down with 
the teachers (one-on-one) and carried the interviews using the interview schedule questions. 
Data gathered from these interviews was in the form of field notes that included citations 
from some of the teachers. 
3.5.4 Document analysis 
A fourth instrument, document analysis of classwork, homework and note books of learners 
was carried out. The researcher sat down and when through classwork, homework and note 
books of those learners that had been selected for the Focus group discussions. Document 
analysis would provide the researcher with some insight as to how the teachers went about 
teaching the concepts that had been tested. In addition, document analysis, through notes, 
homework and classwork, would help to establish the way learners had been taught with 
reference to use of sub-microscopic representations, how they connected this level to the 
other two (macroscopic and symbolic) and to determine whether or not this had some bearing 
towards the way they reasoned and why they reasoned the way they did. Data collected from 
document analysis was in the form of field notes about what the documents were showing as 
evidence of the methods that had been used to teach and learn the concepts examined in the 
TBCK. 
3.6 Scoring procedure for research instruments 
The main instrument used to collect primary data was the TBCK. It comprised of 9 multiple 
choice questions and 9 justifications to the choices the respondents made. A marking scheme 
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was provided [Appendix (II)] for both multiple choice questions (9marks) and the 
justifications (9 marks) as a tool for assessment of the TBCK.  
Firstly, each school’s respondents’ responses were scored individually and scores were 
tabulated as indicated in tables in Appendix (III). This was done in order to determine 
individual level of performance per each multiple-choice question and its justification.  
Secondly, an average based on each school’s individual respondents’ scores on each item was 
calculated. This was done to determine the average level of achievement for each school’s 
respondents per each TBCK item and this would help in answering Research Question No.1; 
What are Grade 10 physical science learners’ levels of achievement in reasoning about basic 
chemical phenomena using sub-microscopic representational model?  
Thirdly, an average TBCK for each school was calculated in order to know each class had 
performed. Fourthly, individual respondents justification scores were tabulated, each one next 
to the corresponding multiple-choice question. This was done to establish whether 
justifications given, justified the choice of the multiple choice question. This would give 
somewhat an indication of how learners reasoned about basic chemical phenomena. 
Justification narrations by individual respondents (n=55) were then qualitatively analyzed in 
terms of the elements of the conceptual framework to establish emerging themes. Some 
excerpts from respondents’ scripts are shown under the Discussions Section in Chapter 5. 
This was done in order to gain insights into how Grade 10 physical science learners reasoned 
about basic chemical phenomena using sub-microscopic representational models (Research 
Question No. 2).  
A comprehensive summary Table 4.1: Frequency and Percentage of Grade 10 physical 
science learners by score and justification of score by level of school performance in TBCK 
in Chapter 4 shows level of school respondents’ performance in their categories (Low, 
average and high performing). This was done in order to get an average level of performance 
for each category of schools’ respondents. This in turn, would help to see if there were major 
differences in performance among the three school categories. 
3.7 Data Collection 
The data collection period commenced with Grade 11 in their first semester (taken to be 
Grade 10) and lasted for a period of six weeks. This is arguably the best time to enter the field 
61 
 
to collect data as not much of Grade 11 work will have been covered, yet the topic of the 
particulate nature of matter (focus of the study) upon which the test items were based, will 
have been taught. The topic would have been taught to learners in the first term of Grade 10 
the previous year. Data collection took place in two phases.  
First Phase 
In the first phase, 280 Grade 10 Physical Science beginner learners from the six selected 
schools were invited to write a Test of Basic Chemical Knowledge (TBCK) and 36 (about 
12.8%) of them were selected (after the TBCK had been marked) to participate in the second 
phase based on performance in the test. The selection of the 36 learners (6 from each school), 
thus 12 from each category (high, average and low performing schools), for the purpose of 
interviews was based on good, average and poor performance by respondents in the TBCK. 
This was followed by random sampling from each of the categories (high, average and low 
performers) per each school respondents. The second phase is described below.  
Second Phase 
The second phase involved focus group discussion with the selected 36 (12.8% of the 
sample) learners and their teachers. Random sampling (in categories; low, average and high 
performing respondents) was used to select the 6 learners (2 from each category) from each 
school to sum up to 36. This was done to ensure equal representation of the categories into 
which the respondents (in their school category) had been classified. During the discussions, 
learners were asked to explain some of their responses to test items. The discussion questions 
were based on the learners’ responses to the test (TBCK) items. Data obtained from the focus 
group discussions (field notes including quotations by learners) was analysed and used to 
elucidate the learners’ thinking and reasoning, the areas of difficulty, how useful, inaccessible 
or otherwise how the pictorial schema were used to solve the TBCK problems. Alternatively, 
focus group discussions with the (6 per each school’s respondents) learners were used to see 
how they went about solving both easy and difficult problems and/or what and how they 
thought or reasoned about them. This was done in order to gain insight into how learners 
reasoned about problems concerning the particulate nature of matter since it was required of 
them to think at the sub-microscopic level. This made it easier for the researcher to establish 
how learners switched between the three levels of chemical conceptualization or 
representation. 
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Three teacher interviews (interview schedule) were carried out. Teacher interviews (field 
notes and quotations by teachers) enabled the researcher to establish some of the ways the 
teachers were using to teach the topics from which the TBCK was designed.  
Document analysis had to be carried out in order to triangulate data as document analysis 
(classwork, notes and homework books) would be clear evidence of how those teachers went 
about communicating the three levels of chemical conceptualization. The mentioned 
documents were scrutinized in order to establish how the teaching and learning variables had 
occurred (ex-post facto). Field notes made by the researcher from observations made from 
documents analyzed (36 selected learners who participated in the FGD) were used to explain 
how teachers went about teaching the concepts which had been tested in TBCK and probably 
why learners reasoned the way they did. 
3.8 Data Analysis and Interpretation 
Data analysis was done in three phases (first phase: overall participant test score analysis 
(n=280), second phase:  overall test item score (and justification score) analysis school 
(n=280) and third: task item analysis (n=55) and was consistent with the conceptual 
framework. The first phase (n=280) was done in order to establish the total score for the test 
for every participant, the second phase (280) to establish overall item score per task per 
school, while the third phase (n=55) was to establish responses with respect to options (A, B, 
C, D or E) given for each task.  
Data analyzed consisted of test scores (280 learners) in the TBCK, and explanations 
(justifications) to learners’ responses (30 learners). Test scores as well as justification scores 
were presented in tables, graphs and percentages and then analysed and interpreted.  Verbal 
(FGD and teacher interviews) and written explanations (justifications) by learners were 
categorised (similar themes put together). Document analysis as well as field notes were also 
analysed and interpreted. The results of analysis and interpretation took the form of 
explanations (interpretive approach) related to categorised data and figures from tables, and 
percentages from graphs and calculations. 
3.9 Reliability 
Reliability is the extent to which a test or procedure produces similar results under constant 
conditions at all times (Bell, 1987; Winter, 1987; Hammersley, 1997). To ensure reliability 
Kuder-Richadson formula 20 was used to determine the internal consistency of the 
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instruments of this study. The choice of KR20 reliability coefficient formula was based on 
the dichotomous nature of the items which also measured the cognitive levels of the 
respondents and this established how closely related the test items were since they were 
designed in accordance with the conceptual framework (macroscopic, sub-microscopic and 
symbolic levels of thinking). The three elements of the conceptual framework are 
interrelated, hence the need to measure their internal consistency 
The formula for Kuder-Richardson formula 20 is given as follows: 
 
where 
k = number of questions 
 pj = number of people in the sample who answered question j correctly  
qj = number of people in the sample who didn’t answer question j correctly  
σ2 = variance of the total scores of all the people taking the test = VARP (R1),  
where   R1 = array containing the total scores of all the people taking the test.  
Source: (http://www.real-statistics.com/wp-content/uploads/2012/12/kuder-richardson-
formula-20.png) 
ρKR20 = 0.83 from the statistical evaluation shows that the instrument used was therefore 
reliable. 
3.10 Validity  
According to Bell (1987), validity entails that an item measures or describes what it is 
supposed to measure or describe. The validation process (of TBCK) was carried out by a 
chemistry expert from university and a seasoned chemistry teacher of reputable standing, for 
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content and curriculum validity. The chemistry expert from university was requested to 
validate the content of the test items in the instrument while the chemistry teacher of 
reputable standing would ensure both content validation and whether it was in line with the 
curriculum planners’ expectations (Department of Education Grade 10 physical science work 
schedule). Experts in the field scrutinized test items as well as keys provided. Experts in the 
field were also asked to check if the test instrument was in line with current research issues 
about the use of sub-microscopic representations in the teaching and learning of chemical 
concepts. Furthermore, the research methodology (mixed methods research design) used in 
this study increased the validity of the study findings as it allowed the researcher to examine 
the same phenomena in different ways, sometimes referred to as triangulation (the main 
advantage of the mixed-methods approach). It provided strengths that offset the weaknesses 
of both qualitative and quantitative research and as such, they complement each other 
(Brewer & Hunter, 1989; Mangen, 1995; Rank, 1996; Hendrickson Christensen & Dahl, 
1997). It encouraged the use of multiple worldviews or approaches rather than associating 
certain approaches to quantitative data and others to qualitative data (Rank, 1996; Perlesz & 
Lindsay, 2003; Greene, 2005). In other words, it was practical as the researcher was at liberty 
to use all methods possible to address the research problem. In addition, the method adopted 
promoted greater understanding of the research findings (Creswell, 2005). 
Furthermore, the validity and reliability of the test instrument (TBCK), were further enhanced 
by the fact that the findings of the study were similar to those of the pilot study (2012) of this 
research, Onwu and Randall, (2006)’s and Devetak, Vogrinc, & Glažar, 2009)’s.  This is in 
line with (Rank, 1996; Perlesz & Lindsay, 2003; Greene, 2005) who pointed out that use of 
mixed methods approach enhances the validity of findings by obtaining similar results from 
each method employed. Task 1 of the test instrument (TBCK) was developed by the author 
but modelled on Onwu and Randall (2006)’s instruments and the rest of the tasks (2-5) were 
adopted with written permission [Appendix (V)] from Devetak, Vogrinc, & Glažar, (2009) as 
already been mentioned. 
3.11 Pilot testing of the instrument 
Students from a school far from the main study or sample schools participated in the pilot 
testing of the instrument (TBCK). The school was purposively chosen due its easy 
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accessibility as it was in the same cluster with the school where the researcher was teaching. 
In addition, the school resembled the schools that took part in the research in that; it was a 
township school, had been offering Grade 12 National Certificate Examinations for more 
than 10 years (it started offering these examinations in 1994), and had three physical science 
classes to choose from.  
Permission to use the school was sought through Tshwane North District officials and the 
principal of the school. The selection of the physical science class for pilot testing of the 
instrument was done by the Head of Science Department at that school. Written consent from 
the participants was obtained. A detailed description and objectives of the study was given to 
the learners. The participating school and learners were assured of the anonymity and 
confidentiality of the study.   
The TBCK was administered to learners after school contact hours. The test was marked, 
scored and justifications scored and analyzed to map the way forward for Focus Group 
Discussions three days later. The Focus group discussion guide was guided by the learners’ 
performance and the justifications they gave for the multiple choice questions in the TBCK in 
line with the conceptual framework (chemistry thinking model). 
The main purpose of this testing was:  
• to test the reliability and validity of the test instruments,  
• to improve the quality and sensitivity of instruments through item analysis 
• to determine the feasibility of the test instruments and data analysis techniques 
• to identify possible logistical problems in administering the  main study to determine 
the range of time for the administration of the instruments, namely -the test and 
interviews 
The research instrument (TBCK) was reviewed to incorporate any changes and 
recommendations. For example, task item 1 was modified to accommodate justifications 
clearly. This helped as the numbering of justifications tended to confuse learners as they were 
given at the end of all the five multiple choice questions concerning task Q 1. The changes 
included providing a separate space for each justification after every question in task Q 1. 
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The pilot testing of instruments also helped in determining the time allocation for the test 
from 45min to one hour (1 hour). There had been an oversight on the time learners would 
spend on the reasoning (justifications) part of the questions. In fact, the learners were 
experiencing multiple-choice questions that required them to give justifications for the first 
time; hence, they needed more time. The pilot testing of the instrument also enhanced the 
validation and reliability of the instrument as some of the results were similar to that 
observed by Devetak, Vogrinc, & Glažar (2009) and Onwu and Randall (2006) who carried 
out similar studies. 
3.12 Ethical Considerations 
Authority to conduct the study in the schools was sought from the Gauteng Provincial 
Department of Education, the Tshwane North Education District (D3), and the principals of 
the respective schools. Written consent from the participants was obtained. A detailed 
description and objectives of the study was given to the learners. In addition, the learners 
were informed of their right to withdraw from the research at any time during the course of 
the study, if they so wished. 
Participating schools and learners were assured of the anonymity and confidentiality of the 
study. They were informed that the data collected would be destroyed after a period of three 
years. Permission to use any of the participants’ statements was sought from the relevant 
authorities. To ensure minimum disruption of classes, the study was conducted after normal 
school hours. 
3.13 Summary 
This chapter reported on the following: research informants, research context, research 
method and design, population and sample, instrumentation, scoring procedure for research 
instruments, data collection, data analysis and interpretation, validation and reliability of 
instruments, pilot testing of instruments, credibility and trustworthiness and ethical 
considerations. 
The research context section gave a description of the context of the population, from which 
the sample was drawn, as well as the target group and the sample size. Reasons why grade 10 
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physical science learners were the target group were also explained. The research design and 
the method and/or methodology were discussed and reasons for the choices were also given. 
The research followed an ex-post facto research design embedded in a mixed methods 
(Quan/Qual) research approach as data was both quantitative and qualitative. 
The population and sample section gave a brief description on: the population and the sample 
size as well as the procedure and criteria for selecting the sample of 280 participants. The 
procedure followed the stratified random sampling method carried out in two phases, firstly 
based on performance and secondly based on whether the school was offering National 
Senior Certificate examinations for at least the past five years. This was then followed by 
simple random sampling for the selection of the six participant schools. 
The research design is an ex-post fact one embedded in mixed methodology approach. Four 
instruments were used in this study and a full description of each one was given. The 
instruments used were; Test of Basic Chemical Knowledge (TBCK), Focus Group 
Discussions guide (FGD), Teacher Interview schedule and Document Analysis. Scoring 
procedure was also spelt out in detail. A comprehensive discussion on the validation and 
reliability of the instruments was dealt with. 
Data collection procedures were spelt out. This was followed by discussions on data analysis 
and interpretation. The four instruments mentioned above were used to collect data. 
Quantitative data analysis and interpretation were done in three stages; firstly, the overall 
TBCK score analysis (n=280) per participant per school, secondly, overall TBCK item score 
analysis per school, and thirdly, TBCK item analysis (n=55). This analysis was done in order 
to get an in-depth understanding of how learners reasoned when solving tasks requiring them 
to make transitions across the three levels in which chemistry is portrayed. This was then 
followed by elaborate discussions on the qualitative data (FGD), Teacher Interviews and 
Document Analysis) analysis and interpretation. 
Reliability and validation were discussed. The willing participants and the methodology used 
added value to the validity of data collected. Triangulation of data through FGD, Teacher 
Interviews and Document analysis also contributed immensely to the validity of the data 
collected. Instruments were also valid and reliable as they were validated and similar results 
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to those of where they had been used before were obtained, thereby, confirming the reliability 
of the instruments. 
Full descriptions of the pilot testing of instruments and how improvements were made were 
also presented. Credibility and trustworthiness were guaranteed as the research made use of a 
multiple methods approach. Several techniques were used to collect data thereby making the 
data credible and trust worth. A prolonged stay (six weeks) in the field and data triangulation 
also added value to credibility trustworthiness.  
Lastly, ethical issues and problems encountered during the research process were paid 
attention to. Permission from, Gauteng Department of Education, district officials, principals, 
teachers, learners and parents was sort. The research process took place outside the normal 
school hours so as not to interfere with the teaching and learning contact time. Problems 
faced by the researcher were outweighed by the support given to the researcher by all 
stakeholders. 
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CHAPTER 4 
Data presentation, analysis and interpretation 
This section shows overall data presentation, analysis and interpretation for the six schools’ 
respondents which participated in the study (n=280). This is followed by further presentation 
and task item analysis for 55 (20%) randomly sampled participants from the six schools’ 
respondents. This was done in order to gain insights into how effective options (A, B, C, D 
and or E) were when influencing the participants’ responses to the Test of Basic Chemical 
Knowledge (TBCK). Quantitative and qualitative data analysis was used to organize and 
interpret data.  
The analysis was done in four parts; TBCK (low, average and high performing schools) 
averages, overall pass rate by number of participants (total number of participants who 
passed/ and or failed per each task), TBCK (averages of six schools’ respondents score by 
each tasks) and TBCK (school average per the whole instrument/test). 
The first part of the analysis involving low (2), average (2) and high (2) performing schools 
has data shown as percentage averages per each pair of schools’ respondents (n=280), the 
second part shows data in the form of percentages based on number of participants who 
passed/and or failed in each of the tasks (n=280), the third comprises data analysis based on 
all schools’ averages per each task and the fourth part (n=55) contains data showing how 
participants were fairing in each of the tasks as well as justification analyses in tables. 
Interpretation of the data is shown under the tables of figures and corresponding graphs in all 
the four presentations mentioned above. Figures and graphs were interpreted in terms of, 
which tasks had been either poorly or well done by participants. Notably, majority of the 
participants got correct responses to Q 1.1 and Q 1.5. The justification scores were; however, 
lower than multiple choice scores for Q 1.1 and Q 1.5. Participants did badly in questions Q 
3, Q 4 and Q 5 as participants did not score an average above 36%. Task (Q 5) got the poorest 
responses and had an 11% pass rate (multiple choice score) and 6% pass rate for justification 
responses. Detailed discussion of the findings is presented under graphs (Figures 4.1-4.5) and 
in the discussions section. 
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4.1 Data presentation (n=280) 
4.1.1 Overall Task (TBCK) Analysis, interpretation and discussion 
Raw data for each school were firstly presented in tabular form and secondly in graph form 
and these are shown in the Appendix (III). The tables show every participant’s score and how 
he or she faired in each of the tasks given in the test (TBCK), the school average score and 
percentage pass and failure rates per each task. The graphs show percentage pass rate per task 
for each school’s respondents. The tasks presented and analysed were the multiple choice 
questions and the justifications thereof. This was done with respect to answering research 
questions 1 (level of achievement aspect) and 2 (reasoning aspect). Table 4.1:  Frequency and 
Percentage of Grade 10 Physical Science Learners by score and justification of score by level 
of school performance in TBCK shown below shows group averages (low, average and high 
performing) in the TBCK individual tasks.  The TBCK is presented showing the groupings of 
schools in terms of high performing, average performing and low performing. Each category 
was analysed in terms of the actual number of learners who took part in the study and their 
average pass and failure rates per every task.  
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Table 4.1: Frequency and Percentage of Grade 10 Physical Science Learners by score 
and justification of score by level of school performance in TBCK 
Respondents Q
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√=pass 87 48 51 21 49 15 50 18 86 77 65 10 36 2 16 5 14 8 37
X=fail 13 52 49 79 51 85 50 82 14 23 35 90 64 98 84 95 86 92 63
N=response 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 4 4 1
% pass 87 48 51 21 49 15 50 18 86 77 65 10 36 2 16 5 14 8 37
% fail 13 52 49 79 51 85 50 82 14 23 35 90 64 98 84 95 86 92 63
% total pass 87 48 51 21 49 15 50 18 86 77 65 10 36 2 16 5 14 8 37
√=pass 72 34 34 20 56 14 37 9 75 60 59 8 41 2 13 6 7 4 31
X=fail 16 54 54 68 32 74 51 79 13 28 27 77 43 83 73 77 78 81 56
N=response 0 0 0 0 0 0 0 0 0 0 2 3 4 3 2 5 3 3 1
% pass 82 39 39 23 64 16 42 10 85 68 67 9 47 2 15 7 8 5 35
% fail 18 61 61 77 36 84 58 90 15 32 33 91 53 98 85 93 92 95 65
% total pass 82 39 39 23 64 16 42 10 85 68 67 9 47 2 15 7 8 5 35
√=pass 77 55 52 33 57 21 61 29 78 70 46 11 23 3 26 12 9 5 37
X=fail 15 37 40 58 34 67 30 61 13 20 43 72 65 75 65 75 80 79 52
N=response 0 0 0 1 1 4 1 2 1 2 3 9 4 14 1 5 3 8 3
% pass 84 60 57 36 62 23 66 32 85 76 50 12 25 3 28 13 10 5 40
% fail 16 40 43 64 38 77 34 68 15 24 50 88 75 97 72 87 90 95 60
% total pass 84 60 57 36 62 23 66 32 85 76 50 12 25 3 28 13 10 5 40
√=pass 253 147 147 80 175 54 158 60 256 221 182 31 108 7 59 25 32 18
X=fail 27 133 133 200 105 226 122 220 24 59 98 249 172 273 221 255 248 262
N=response 0 0 0 1 1 4 1 2 1 2 5 13 9 18 3 10 10 15 100
% pass 90 53 53 29 63 19 56 21 91 79 65 11 39 3 21 9 11 6 40
% fail 10 47 47 71 37 81 44 79 9 21 35 89 61 97 79 91 89 94 60
% total pass 90 53 53 29 63 19 56 21 91 79 65 11 39 3 21 9 11 6 40
% total pass 84 49 49 27 58 18 53 20 85 74 61 10 36 2 20 8 11 6 37Total (all schools) group averages(n=280)
Level of School Performance
Average perfoming schools (2) (N=43+45)
High perfoming schools (2) (N=47+45)
Total (all schools)  (n=280)
Low perfoming schools (2) (N=32+68)
 
As can be deduced from Table 4.1: Frequency and Percentage of Grade 10 Physical Science 
Learners by score and justification of score by level of school performance in TBCK, learners 
from high performing schools had the highest number (59) of ‘no responses’; average 
performing schools had 25 learners with no responses while the low performing schools had 
the least number (11) of learners with no responses. This observation indicates that, low 
performing schools’ respondents were more confident (although getting wrong answers) in 
attempting tasks than those of the average and high performing schools. This important 
finding has far reaching implications with respect to the way learners were taught. Notably, 
many of the ‘no-response’ came from one of the high performing school, indicating either 
those sub-microscopic representations were unfamiliar to learners or learners were not taught 
the concepts at all. Nonetheless, it is not clear why they managed to have the highest average 
TBCK score. This is probably because, more of their respondents did better in the easier 
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questions, for example, they scored more than the other two categories in their justifications 
for easier questions, indicating a better understanding of the concepts. The justification task 
to Q 3 had the largest number (18) of the ‘no-response’, indicating a high degree of difficulty 
of the question.  In addition, all justification scores were lower than the corresponding 
multiple choice scores, indicating that learners relied on guessing in order to get the correct 
responses. They appear to have reasoned from learned rules rather than from correct 
reasoning and understanding of the task.  
It is also important to note that Table 4.1: Frequency and Percentage of Grade 10 Physical 
Science Learners by score and justification of score by level of school performance in TBCK 
shows no major differences in the average  percentage level of performances between low 
(37%), average (35%) and high performing (40%) schools’ respondents. This observation is 
also supported by the fact that all three school categories (low, average and high performing) 
experienced similar problems with regard to questions Q 3, Q 4 and Q 5 which appear to have 
been demanding more conceptual thinking. The average performing schools’ respondents did 
better (47%) than the low (36%) and high (25%) performing schools’ respondents in Q 3 (an 
aqueous solution of a base) while high performing schools’ respondents did better (28%) than 
the low (16%) and average (15%) performing schools’ respondents in Q 4 (concept of 
solution concentration). This important finding seems to suggest that respondents from high 
performing schools understood solute concentration in solution better than the average and 
low performing schools’ respondents.  
Surprisingly, the average performing schools’ respondents scored the least (8%), high 
performing schools’ respondents scored (10%) while low performing schools’ respondents 
scored the highest (14%) in Q 5 (about an aqueous solution of sodium chloride). Low 
performing schools’ respondents’ justification score to Q 5 was also the highest (8%) while 
the average and high performing schools’ respondents scored 5% each in their justifications 
to Q 5. It is therefore, observed that low performing schools’ respondents did better than the 
other two in Q 5 which appeared to be the most difficult task. Nevertheless, the sample 
averages of 11% (multiple-choice score) and 6% (justification score) with respect to Q 5, 
does not make any one of the schools’ respondents better than the others. It is therefore, 
concluded that learners do not fully understand the behaviour of sodium chloride in water. 
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Observations made from the schools’ respondents in questions that demanded high levels of 
conceptual understanding (Q 3, Q 4 and Q 5) seem to suggest that the methods of teaching 
and learning basic chemical concepts are basically the same in all the schools sampled.  
Table 4.1: Frequency and Percentage of Grade 10 Physical Science Learners by score and 
justification of score by level of school performance in TBCK also shows justification scores 
which are lower than the multiple choice scores for all tasks. More importantly, if we 
consider questions Q 3, Q 4 and Q 5 again, all justification scores were not more than 13%. 
Notably, average and high performing schools’ respondents scored 5% each while low 
performing schools’ respondents scored the highest (8%) in justification scores to Q 5 which 
proved to be the most challenging of all the tasks. The fact that justification scores are lower 
than the corresponding multiple-choice scores is testimony that respondents had no correct 
reasoning about basic chemical concepts. This therefore, gives a clue as to how respondents 
reasoned out their solutions. They seem to have reasoned from strategies that compelled them 
to guessing without proper understanding of the principles of the concepts examined.  
Notably, Table 4.1: Frequency and Percentage of Grade 10 Physical Science Learners by 
score and justification of score by level of school performance in TBCK, shows ‘Total (all 
schools) (n=280)’ figures that  are higher than the ‘Total (all schools) group averages 
(n=280)’ due to the fact that the latter are averages of averages of each grouping (low 
performing, average performing and high performing) whereas the former figures are based 
on the total passes of the whole sample not averages of averages). Literally, the two sets of 
the figures and graphs mean the same in terms of patterns that emerged from the analysis. A 
clearer analysis of the results is presented below in the two graphs. 
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Figure 4.1: Frequency and Percentage of Grade 10 Physical Science Learners by score 
and justification of score by level of school performance in TBCK (low, average and 
high performing averages) 
 
The above frequency and percentage graph Figure 4.1: Frequency and Percentage of Grade 
10 Physical Science Learners by score and justification of score by level of school 
performance in TBCK is based on the ‘Total (all schools’ respondents) group averages 
(n=280)’ figures as indicated in Table 4.1: Frequency and Percentage of Grade 10 Physical 
Science Learners by score and justification of score by level of school performance in TBCK.  
This graph is a clearer picture of the findings about learners’ levels of achievement (research 
question 1, through multiple choice scores), reasoning (research question 2, through 
justification scores) and why they reasoned the way they did (research question 3, through 
justification scores). 
Table 4.1: Frequency and Percentage of Grade 10 Physical Science Learners by score and 
justification of score by level of school performance in TBCK and graph Figure 4.1: 
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Frequency and Percentage of Grade 10 Physical Science Learners by score and justification 
of score by level of school performance in TBCK for all schools are based on the averages of 
averages of the groups (low performing, average performing and high performing) and 
clearly show that participants scored extremely well in questions Q 1.1 (84%) and Q 1.5 
(85%). Justification scores to the same questions although lower than the multiple choice 
scores were fairly high as well. Q 1.5 score had the higher justification score than that of Q 
1.1. Question Q 1.1 required participants to identify the pictorial diagram (schema) that 
depicted a pure element whilst question Q 1.5 required them to identify the pictorial diagram 
that depicted a substance in its solid form. Diagram A of task 1 is the same schema for both 
items (Q 1.1 and 1.5) that they needed to identify. It therefore appears that the concepts of 
pure elements and the kinetic molecular theory of matter (states of matter) were easily 
conceptualised by the participants during instruction.  
However, the case was different with the rest of the tasks with the majority of the participants 
scoring lowest (11%) in Q 5 with a justification score of only 6%. Generally, all justification 
scores were lower than the multiple choice scores for all tasks and in the case of Q 3, the 
correct justification constituted only 2% and this was the lowest justification score. Thus, 
respondents appear to have relied on guessing the correct response. Notably, it appears as if 
participants were not used to questions that required them to give explanations to multiple 
choice questions. Task Q 3 required participants to identify the schema that represented an 
aqueous solution of a base whereas Q 5 required them to identify the schema that depicted an 
aqueous solution of sodium chloride.  Participants scored higher (61%) in task 2 (Q 2) which 
required them to identify the schema that represented an aqueous solution of hydrochloric 
acid at the particle level even though the tasks (Q 2, Q 3, Q 4 and Q 5) demanded similar 
levels of conceptualization, thinking at particle level about solutions and chemical reactions. 
Hence it appears that those who got correct responses to Q 2, Q 3, Q 4 and Q 5 had put their 
trust in luck (guess work). For example, analyses of some of the unpalatable justifications 
indicated that some participants resorted to guessing, with no conceptual understanding at all. 
Notably, in some cases in Q5 no justifications were given for both correct and wrong 
responses. It therefore can be concluded that chemical concepts that represent particles in 
solutions and chemical reactions are not always apparent to learners. 
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Tasks Q 1.2, Q 1.3 and Q 1.4 were more difficult than Q 1.1 and Q 1.5 although they were all 
in the same category. These tasks required participants to identify atoms, elements in general, 
molecular elements, molecular compounds and the states of matter. These tasks had similar 
conceptual level demands, differentiating between atoms, elements, molecules and states of 
matter. It can therefore be concluded that learners find it is easier to understand pure elements 
but it becomes increasingly difficult as one develops the concept to higher order thinking 
levels when it involves molecular elements and molecular compounds. This is probably 
because molecular elements and molecular compounds require the understanding of chemical 
bonding, thus these concepts become difficult to comprehend. Overally, all schools’ 
respondents scored an average of 37% (Table 4.1: Frequency and Percentage of Grade 10 
Physical Science Learners by score and justification of score by level of school performance 
in TBCK). This is a worrisome observation as it means that the majority of the respondents 
did not score above 50%. Only 62 respondents (22%) got scores above 50%. 
Figure 4.2: Frequency and Percentage of Grade 10 Physical Science Learners by score 
and justification of score by level of school performance in TBCK (whole sample 
numbers)  
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Figure 4.2: Frequency and Percentage of Grade 10 Physical Science Learners by score and 
justification of score by level of school performance in TBCK (whole sample numbers) is 
based on percentages calculated from total number of participants who passed the TBCK, 
hence the figures are higher than those of the preceding one.  The graph shows the actual 
percentage pass rates in terms of the learners’ levels of achievement and reasoning as the 
figures used were not averages. Nevertheless, the patterns shown in both graphs [Figures 4.1: 
Frequency and Percentage of Grade 10 Physical Science Learners by score and justification 
of score by level of school performance in TBCK (low, average and high performing 
averages) and Figure 4.2: Frequency and Percentage of Grade 10 Physical Science Learners 
by score and justification of score by level of school performance in TBCK (whole sample 
numbers)] are the exactly the same. Interpretations of the two graphs are therefore exactly the 
same. 
Table 4.2: TBCK Sample Results Analysis by task score for all schools’ respondents  
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2 14 57 52 81 56 83 49 86 16 30 35 87 59 98 87 97 84 92 
3 23 74 63 74 44 93 60 98 21 44 37 84 56 98 86 98 93 95 
4 9 47 58 79 26 74 53 81 5 16 26 98 49 98 84 88 91 95 
5 17 32 28 53 32 77 19 51 6 13 49 91 74 96 66 81 87 94 
6 16 49 60 76 44 78 49 87 24 36 51 84 76 98 78 93 93 96 
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The figures shown in the above Table 4.2 TBCK Sample Results Analysis by task score for 
all schools’ respondents are in between the figures [Total (all schools) (n=280) and Total (all 
schools) group averages (n=280) shown in Table 4.1: Frequency and Percentage of Grade 10 
Physical Science Learners by score and justification of score by level of school performance 
in TBCK. This is due to the fact that these figures were based on one average calculation. 
The figures in Table 4.2: TBCK Sample Results Analysis by task score for all schools’ 
respondents are fully presented as raw data in Appendix (III). Nevertheless, the pattern 
shown in Table 4.1: Frequency and Percentage of Grade 10 Physical Science Learners by 
score and justification of score by level of school performance in TBCK is the same as the 
one shown in Table 4.2: TBCK Sample Results Analysis by task score for all schools’ 
respondents. A clearer picture is presented in the graph (Figure 4.3: Average TBCK score 
analysis per question for all schools’ respondents). 
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Figure 4.3: Average TBCK score analysis per question for all schools’ respondents 
 
The above graph is the average of all the six graphs for the six schools that are presented in 
Appendix (III). The graph shows common successes as well as common problems in Grade 
10 physical science learners in the population of the study. Identification of a pure element 
and a solid substance together with their justifications were the major achievement in all the 
schools while the rest of the items posed some challenge to some of the participants. 
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Figure 4.4: Average TBCK score failure rate analysis per question for all schools’ 
respondents 
 
The above graph with figures from Table 4.2: TBCK Sample Results Analysis by task score 
for all schools’ respondents) is the opposite of the preceding one. It shows average 
magnitudes of failure rates per item for the sample chosen. As can be seen and interpreted, 
the failure rates are alarming and this is a cause for concern. The percentage failure rate 
figures as shown in above graph (Figure 4.4: Average TBCK score failure rate analysis per 
question for all schools’ respondents) translate to an average TBCK failure rate score of 63%. 
This will be further discussed under the next table and graph. 
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Table 4.3: Overall sample results analysis by average TBCK (all 18 tasks) score per 
school respondents 
 
Figure 4.5: Overall sample results analysis by average TBCK (all 18 tasks) score per 
school respondents 
 
The above graph is a summary of the average school score in the whole TBCK test which 
was used as the main instrument in this study. It therefore can be concluded that the majority 
of grade 10 physical science learners go through chemistry courses without proper 
understanding of the concepts involved.  
Overall Sample Results Analysis by Average TBCK score (all 18 tasks) per school 
respondents 
School  1 2 3 4 5 6 
Average test score per school (%) 36 36 31 38 46 34 
Sample average pass rate (%) 37 
Sample average fail rate (%) 63 
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4.1.2 Task item analysis, interpretation and discussion (n=55) 
Task item analysis and interpretation are now presented. Every TBCK item was presented in 
a table showing percentages in terms of how respondents had performed in each of the 
options (A, B, C and D). This was done to identify those options which were effective 
destructors in the tasks. This task analysis, in which percentage pass and failure rates for each 
task with respect to options (A, B, C and D) are calculated and presented in tables, is a mirror 
image of the main findings, because it was done for only 55 (about 20%) respondents 
(nineteen (19) scripts from low performing schools, eighteen (18) scripts from average 
performing schools and the last eighteen (18) scripts were randomly selected for item 
analysis). This gave an in-depth analysis as the written justifications for each item response 
were scrutinized and analyzed; those with similar meaning were put in one category. 
Summary tables on justifications are also presented in this section. Meanings were then 
deduced from those justifications by the researcher. Further details on interpretation of tables 
of figures and justifications to the responses given by learners with excerpts are dealt with in 
the discussions and conclusion section. Samples of the research instrument including the 
schema for scoring each item are in Appendix (I). 
4.1.2.1 Data presentation and analysis (n=55) 
 
The overall analysis of the responses to task Q 1 (elements, molecules, compounds and 
mixtures) revealed that 35.4% of the learners were unable to give correct responses to basic 
chemical questions that required them to make connections between macroscopic and sub-
microscopic levels of chemical thinking. The reasons (justifications) they gave for their 
choices led to the following conclusions: learners think that all atoms that are close together 
are those of pure elements, thus the difference between an atom and an element is not clear to 
the learners. It was also evident that learners appeared to have no clear understanding of a 
compound. Learners also think that one type of a substance must be a compound, thus they 
do not know the differences between an atom, an element and a compound. Lack of 
knowledge of the differences between the three concepts made it difficult for learners to 
distinguish between options (diagrams) A and D as they classified option A as depicting a 
compound. In addition learners do not think in terms of a chemical combination between 
atoms in a diatomic element. Some learners could not distinguish between atoms and 
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molecules. As a result, learners could not easily identify a mixture of mono-atomic and 
diatomic elements (Q 1.3). They thought it was a mixture of an element (single circles) and a 
compound (two joined circles). Each task together with its justifications is presented in tables 
and discussions below. 
Table 4.4: Overall sample results analysis by average TBCK (all 18 tasks) score per 
school respondents 
Q 1.1 A B C D None 
No. of 
learners who 
responded 
47 2 2 4 0 
Percentage 
(%) 
85.5% 3.6% 3.6% 7.3% 0 
The task required learners to identify with reason, the scheme that represented a pure 
element. Learners had to explain their choice the sub-microscopic representation. They had to 
understand that a pure element is made up of only one type of particles.  The problem is 
classified into the application category according to Bloom’s cognitive taxonomy. The 
problem was chosen as it deals with the particulate nature of matter and that it is included in 
current grade 10 physical science curriculum. It provided learners with the opportunity to 
mentally switch between the macroscopic (pure element) level and the sub-microscopic 
(same particles) level. 
With reference to the above table 2, only 14, 5% of the learners could not get the correct 
response, however it was very clear that majority of learners (85%) new the characteristics of 
particles in a pure element, hence they were able to identify it. They also gave valid 
justifications for choosing pictorial diagram A. It can therefore be concluded that majority of 
grade 10 learners find the concept of elements relatively easy when compared to other 
concepts. Perhaps this is a build-up from the atomic theory of matter model and the periodic 
table where matter is described as elements. It can also be assumed that the concept of 
elements is easy to understand since when the topic of atomic structure is introduced, 
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elements are the obvious examples given. Surprisingly, those students who scored 85, 5% got 
the correct response for wrong reasons; in some cases they only gave the answer with no 
accompanying reason at all. Some of the wrong reasons given for the correct responses were: 
Table 4.5: Justification Analysis (wrong reasons for correct response) for Task Q 1.1 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
(Chemical or English)  
A: it is a gas because 
particles are able to move 
more freely 
Macroscopic-sub-
microscopic but cannot 
connect the two levels 
Lacks  knowledge about 
differences between 
solids and gases 
Not used to pictorial 
diagrams in explaining 
the three state of matter 
A: it is because it has no 
electrons around it. It is a 
single element 
Macroscopic Lacks knowledge about 
pure elements 
Not used to pictorial 
diagrams in explaining 
the particulate nature of 
matter 
A: because it is only one 
molecule 
Macroscopic Lacks knowledge about 
differences between 
atoms and molecules 
Not used to pictorial 
diagrams and the 
chemical language about 
particles 
A: because it cannot be 
broken down into simpler 
substances by chemical 
method 
Macroscopic and fails to 
connect this level to the 
other two  
Operates with learned 
rules only and does not 
have proper 
understanding  of 
concepts involved 
Not familiar with 
chemical diagrams( uses 
definitions to explain 
what he/she sees) 
A: because it is not a 
mixture 
Macroscopic Cannot connect the three 
levels 
Unable to explain what 
chemical diagrams mean 
A: Because elements are Macroscopic  No concept (The word 
atom was replaced by the 
Chemical diagrams and 
English language to 
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pure word element express ideas 
A: The molecules are the 
same colour 
Macroscopic No concept (Colourful 
molecules or atoms 
depicting purity of an 
element) and does not 
know differences 
between an atom and a 
molecule 
Chemical diagrams not 
familiar 
A: because it does not 
have chemical reactions 
Macroscopic-sub-
microscopic 
Uses learned rules to 
explain what he/she sees 
Unable to express the 
idea in chemical terms 
A: because it’s a solid or 
it’s not a mixed 
compound 
Macroscopic-sub-
microscopic 
Thinks that mixtures of 
compounds cannot be 
solids but knows the 
difference between a 
compound and a pure 
substance 
Chemical and English 
language to express the 
idea 
A: Because the substance 
are closer apart 
Macroscopic No concept (The word 
substance used in place of 
atoms) 
Chemical diagrams and 
basic chemical language 
 A: Because elements 
only consist of liquid of 
atoms, 
Macroscopic   No concept (Operates at 
concrete level 
(macroscopic) 
Not used to chemical 
diagrams 
A: Because it is an atom 
of an element, 
Macroscopic-Sub-
microscopic 
Operates at the two levels Chemical Diagrams are 
not familiar 
A: It is pure and it is in 
solid at room 
temperature, 
Macroscopic  No concept –Operates 
only at macroscopic level 
(Are all solids pure 
substances?) 
Chemical diagrams 
A: Because elements are Macroscopic No concept (Operates at Lacks both Chemical and 
English language to 
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not mixed together, macroscopic level) express ideas 
A: because they are close 
to each other 
Macroscopic Thinks that all substances 
with particles close to 
each other are pure 
elements and ignores the 
idea of same looking 
particles 
Cannot connect 
macroscopic level to sub-
microscopic level (not 
used to chemical 
diagrams) 
A: Because they are only 
pure substances and not a 
mixture. 
Macroscopic  No concept (Lacks 
chemical knowledge the 
reason is not given as to 
why the diagram depicts 
a pure element) 
Not used to chemical 
diagrams and the English 
to bring out ideas clearly 
A: Because the diagram 
are pure element 
Macroscopic Operates at macro-level 
(cannot identify atoms of 
the same type or size) 
Not familiar with 
pictorial diagrams and 
the language to express 
ideas 
A: There are no atoms of 
oxygen that’s why we say 
it is pure 
Macroscopic (purity is 
only attributed to 
presence of oxygen) 
Operates at macro-level 
and lacks the concept 
Chemical diagrams 
A: Because atoms are 
uniformly packed  
Macroscopic-Sub-
microscopic 
Attribute purity to 
uniform packing 
(Operates at two levels)  
Chemical diagrams not 
familiar 
A: Because they are solid 
and they are close to each 
other (not required here) 
Macro-Sub-microscopic Operates at two levels 
(lacks the concept and 
attribute purity to 
closeness of particles) 
Did not understand the 
question and used to 
chemical diagrams 
A: because it has no 
shaded part and it’s just 
pure 
Macroscopic Operates at one level Not used to sub-
microscopic diagrams 
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It appears that learners associate purity with elements only, to them compounds are never 
pure, anything showing the same colour must be an element, particles which are close to each 
other resemble an element, anything in liquid form is a pure element, anything solid at room 
temperature is a pure element, anything on its own (not in a mixture) must be pure element, 
particles close together resemble a pure element, because oxygen combines readily with some 
substances it can never be pure, diagrams representing particles always depict pure elements 
(maybe because the diagram shows circles which may not be shaded therefore particles look 
the same and whatever is contained in a diagram is a pure element), thus some diagrams were 
not familiar to some learners, indicating that teachers do not explain pictorial diagrams to 
learners. The last reason given above indicates strong language problems, some learners 
realised that diagram (A) depicted a pure element and not a mixture but failed to express 
themselves clearly. This is an indication that they may have guessed correctly or it could have 
been that they lacked the appropriate chemical language and were therefore unable to express 
their ideas to show understanding.   
Nevertheless, the 14, 5% learners who could not get the correct response, when put into a 
larger scale (15% of the whole sample=42 learners), it then becomes worrisome. It obviously 
means that such kind of learners have difficulties visualising atoms mentally, indicating that 
they lack an appropriate mental representational model. Majority of 14, 5% did not give any 
justifications at all, indicating that they wholly relied on guessing. Some of the reasons given 
for wrong answers by these learners were:  
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Table 4.6: Justification Analysis (wrong reasons for wrong response) for Task Q1.1 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
D: because they are not 
grouped together 
Macroscopic  Thinks that spaces 
between particles 
determine purity of a 
substance 
Lacks chemical language 
and ideas 
B: because it has 
different single circles 
Macroscopic Does not know the 
difference between a 
compound and an 
element 
Not used to chemical 
diagrams 
D: only same compound 
are there in a phase 
D(learner cancels the 
word element  in the task 
and replaces it with the 
word compound 
Macroscopic- Sub-
microscopic  
Fails to connect the two 
levels (macroscopic and 
sub-microscopic) 
At least the learner knew 
something about a 
compound but was not 
used to chemical 
diagrams 
C because molecules are 
the same 
Macro-sub-micro Operates at two levels 
(but does not know 
difference between an 
atom and a molecule) 
Chemical diagrams not 
familiar 
B because a liquid is 
made up of different 
substances combined 
together and it cannot be 
broken, 
Macroscopic No concept (Lacks 
knowledge about pure 
elements ) 
Chemical Diagrams not 
understood 
B because atoms are 
joined together 
chemically (true for 
Sub-microscopic No concept (Cannot 
connect sub-micro to 
macro) as this would 
imply that even 
Not used to chemical 
diagrams. 
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diatomic elements) compounds are pure 
elements 
C they are not shaded 
and are close to each 
other (learner should 
have chosen A). 
Macroscopic Lacks knowledge (sees 
closely packed atoms as 
something pure but even 
though fails to pick the 
correct option A 
Chemical Diagrams are 
not familiar 
 
The reasons given for the wrong answers show that some students had misconceptions of 
elements, for example, they thought all molecules are pure elements, indicating lack of 
knowledge about molecular compounds, molecular (diatomic) elements and atomic (mono-
atomic) elements. This would further imply that all molecular compounds are also pure 
elements. In addition, some learners also thought that liquids are pure elements and are 
chemically combined together and cannot be broken down (taken literally to mean actual 
breaking something into pieces). While it is true that in a diatomic element atoms are 
chemically joined together, it is not always true that anything chemically combined is a pure 
element. Some learners thought that closeness meant chemical bonding, indicating lack of 
knowledge of the kinetic molecular theory of matter altogether. A number of them thought 
that all diagrams that had unshaded circles or particles represented pure compounds, and this 
split their minds between options A and C which contained particles which were not shaded, 
but strange enough no one of them guessed correctly, they chose other options instead 
showing total confusion. They did not understand either the diagram or the concept involved 
at all. The learners seemed to experience limitations with respect to understanding of pictorial 
diagrams due to language barriers in both English (second language) and symbols (the 
chemical language). 
Judging from the same reasons (anything liquid depicts a pure element, particles close 
together resemble pure elements) given by both those who got correct answers and those who 
got wrong answers, it can be concluded that learners do not understand the particulate nature 
of matter and as a result, they resort to rote learning and/or guessing, without proper 
understanding of chemical concepts. From this interesting finding it can be seen that learners 
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find it difficult to make transitions between the macroscopic, sub-microscopic and symbolic 
levels. It can also be concluded that reasoning at particle level is not always apparent to 
learners; hence they were using macroscopic properties of substances to explain their particle 
(sub-microscopic) behaviour. For instance, they used the liquid and solid states to explain the 
particulate nature of elements. This therefore calls for teachers to change their methods of 
instruction for chemistry to be sensible to more learners.  
Table 4.7: Analysis of task Q 1.2 
Key: the letter in BOLD print is the correct response 
Q 1.2 A B C D None 
No. of learners 
who responded 
3 8 13 31 0 
Percentage (%) 5.5% 14.5% 23.6% 56.4% 0 
 
The task required learners to identify with reason, the scheme that represented a pure 
compound. Learners had to understand two things: that a compound is a substance made up 
two or more elements that are chemically combined and that a pure compound is made up of 
the same type of compound particles. The learners should have been familiar with terms like 
“compound” and “compound particle or molecule” in order to solve this problem and as such 
it was classified into both application and comprehension categories of Bloom’s cognitive 
taxonomy. The task was chosen for two reasons: first, it required learners to make transitions 
between macroscopic (pure compound) level and sub-microscopic (same compound 
particles) level and, second, it is part of the matter and materials topic in the current grade 10 
physical science syllabus.  
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Analysis in the above table 13 revealed that learners thought that it is only elements that are 
pure, while compounds cannot be pure. As a result many of the learners could not identify a 
pure compound. Some of the learners (43.6%) could not identify a pure compound. They 
seem to have been misled by the black dots and the circles. This suggests that learners are not 
used to the teaching and assessment that make use of pictorial diagrams to depict matter at 
particle level. Some learners (23, 6%) chose option C for the correct answer. They confused a 
mixture of elements and with a pure compound. The similarities in the unshaded circles and 
black dots made them think that both options represented compounds, indicating that some 
learners do not know the differences between compounds and elements and/ or differences 
between mono-atomic and diatomic (molecular) elements. They also took a diatomic element 
to be a compound, thus, they did not know the difference between diatomic elements 
(molecular) and compounds. They thought all molecules are compounds. Notably, 14, 5% of 
the learners chose option B for an answer, indicating that all compounds look the same. Some 
5, 5% of them opted for option A, suggesting that they associate closeness of particles with 
compounds. To them, particles that are so close to each other depict a compound; hence they 
thought diagram A represented a compound. It can also be noted that the percentage pass rate 
(56, 4%) for this task item (Q 1.2) was lower than that of task item (Q 1.1) which was 85, 5% 
, suggesting that the task demanded higher cognitive levels of thinking, since the task 
required learners to apply their understanding of chemical bonding. Chemical bonding is not 
an easy topic to handle, especially with novice learners. Learners were required to connect 
the sub-microscopic world of compounds to the symbolic level.   
Here are some of the wrong justifications for the correct responses that learners gave to 
support their answers: 
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Table 4.8: Justification Analysis (wrong reasons for correct response) for Task Q1.2 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English  
Because it is a chemical 
reaction, 
Macroscopic Lacks knowledge Chemical 
There are two atoms of 
oxygen and one atom of 
hydrogen  
 
 Macro-Sub-microscopic No concept (Lacks 
chemical bonding 
knowledge) but chose the 
correct option. The 
reason given suggests that 
hydrogen has a valency 
of 2.  
Chemical language 
(chemical symbols, 
formulae and bonding) 
and periodic table 
problems-concept of 
valency not understood. 
Substances that are 
chemically bounded 
together, 
Macroscopic No concept (Cannot 
differentiate compounds) 
as impure substance or 
compounds may also be 
chemically bonded. 
Not used to chemical 
diagrams 
We have a constant 
compound  
Macroscopic-sub-
microscopic 
Knowledge is present but 
cannot communicate 
 Chemical and English 
(referring to same type of 
particles as constant),   
A compound which is 
purely joined together, 
Macroscopic No concept (Lacks 
knowledge about pure 
compounds) 
Chemical and English 
language 
It has different size and 
shape, 
Macroscopic No concept (Lacks 
knowledge) 
Chemical (not used to 
sub-microscopic 
representations) and 
language to express the 
ideas 
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Atoms are different sized 
and are joined (no 
mention of same type of 
compound particles), 
Macroscopic-sub-
microscopic 
No concept ( Lacks 
knowledge about what 
makes a substance pure) 
Chemical (not used to 
sub-microscopic 
representations) 
It is water which contains 
H2O and they are joined 
together and because 
water is a pure compound  
Macroscopic-symbolic Lacks knowledge (any 
compound with elements 
in the ratio 2: 1 must be 
water), 
Chemical (not used to 
sub-microscopic 
representations) 
There are two visible 
compounds that are 
bounded together 
Macroscopic Lacks knowledge (atoms 
are taken to be 
compounds) 
Chemical (not used to 
sub-microscopic 
representations) 
Two chemicals joined 
together or even more, 
Macroscopic Lacks knowledge (atoms 
are described as 
chemicals ) 
Chemical (not used to 
sub-microscopic 
representations) 
Because compounds are 
not mixed together, 
Macroscopic  Lacks knowledge Chemical (not used to 
sub-microscopic 
representations) 
As two different sized 
circles joined together or 
two or more elements 
joined together  
Macroscopic-sub-
microscopic 
 No clear concept ( only 
definition of a compound  
given) 
Chemical diagrams and  
Lacks appropriate second 
language to express 
him/herself 
It’s a compound of only 
two atoms, 
Macroscopic-sub-
microscopic 
Lacks knowledge about 
compounds 
Chemical (not used to 
pictorial diagrams) and 
English to express ideas 
It is a substance 
containing two or more 
elements/atoms  
Macroscopic-sub-
microscopic 
No concept (bonding not 
considered he/ she tried 
to define a compound) 
Chemical and  Lacks 
appropriate second 
language to express 
him/herself 
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Analysis of the above mentioned wrong justifications for the correct responses revealed that 
leaners only master learned rules (rote learning) and because of this they were giving 
justifications which described a compound instead of describing features of a pure 
compound. They gave descriptions suitable to compounds in general; the idea of the same 
type of particle compound was not considered at all, a clear indication that learners are not 
always exposed to sub-microscopic representational models during instruction. Furthermore, 
they thought that anything with atoms in the ration 2: 1 is water, suggesting rote learning, 
with water symbol given as an example to emphasise the point. The mentioning of water and 
giving its symbol indicates the predominant method of teaching (symbolic level) in our South 
African schools. Learners had a clear understanding of compounds in general, but not of pure 
compounds in particular. The wrong justifications also appear to be due to lack of appropriate 
language to express themselves, for example, one student said, “we have a constant 
compound”, referring to same type of particles and this implies a serious language barrier. 
In conclusion, the above stated misconceptions are due to three aspects: firstly, lack of the 
chemical concept about bonding (probably because the symbolic level is used to explain 
chemical bonding) and secondly, lack of appropriate mental representation of the chemical 
phenomena (no sub-microscopic representational models are used during instruction), and 
thirdly, language barrier problems as learners found it difficult to express their ideas clearly. 
The following justifications were given for incorrect responses: 
Table 4.9: Justification Analysis (wrong reasons for wrong response) for Task Q1.2 
Justifications Chemical Thinking 
Level 
Language Barrier Problems 
Chemical Language English Language 
Compounds are only one 
type (option A was 
chosen).    
 
Macroscopic Atoms are described as 
compounds 
Chemical (not used to 
pictorial diagrams) 
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The molecules are 
combined not chemically 
and are not the same size 
(concept of compounds 
not understood), 
Macroscopic-sub-
microscopic 
Does not know the 
concept of bonding 
Cannot interpret sub-
microscopic diagrams  
Single circle (shaded or 
not shaded), substances 
are far apart,  
 
Macro-sub-microscopic Uses the kinetic 
molecular theory to 
identify pure compounds) 
Not used to chemical 
diagrams 
Because it is made up of 
different components,  
 
 
Sub-microscopic Lacks concept Chemical 
A molecule of a 
compound has two or …. 
Sub-microscopic Has an idea but cannot 
explain. 
Chemical terminology 
Because they are pure 
compounds, because 
atoms is not there and 
oxygen also iron, 
Macroscopic  Lacks concept Not used to chemical 
diagrams 
There are two types of 
compounds joined 
together, 
Sub-microscopic Takes atoms to be 
compounds 
Not used to chemical 
diagrams 
They are different 
elements joined together,  
Sub-microscopic Uses the word element in 
place of atom 
Chemical (not used to 
chemical diagrams) 
Made up of two atoms Sub-microscopic Partly knows the concept Chemical as well as 
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and it is a…….., English to express ideas 
Only pure compounds not 
many, 
Macroscopic Lacks concept Not used to chemical 
diagrams 
Because the compounds 
are the same size and are 
chemically joined, 
Macro-sub-microscopic  Has the concept (but 
surprisingly chose the 
wrong option) 
Lacks the language 
(ended up guessing) 
Because it consists of two 
or more atoms chemically 
joined together  because 
atoms are pure, 
Sub-microscopic Has the concept but 
confuses a pure 
compound with a pure 
element. (definition of a 
compound given), 
Not used to chemical 
diagrams 
More circles joined 
together  
Sub-microscopic Has half the idea Lacks appropriate 
language 
particles are chemically 
joined and are two pure 
elements, 
Sub-microscopic Has the concept Lacks chemical language 
The justifications given for choice of wrong answers show that 43, 6% of the learners do not 
understand the concepts of elements and compounds. Their reasoning is a mixture of 
distorted ideas, for instance, the justification that “particles are chemically joined and are 
two pure elements; there are two types of compounds joined together” clearly demonstrates 
complete “distortion” of ideas which manifest itself into misconceptions of a serious nature.  
In addition, justifications like “substances are far apart, the molecules are combined not 
chemically and are not the same size” seem to emphasise that learners are not always sure 
about concepts that involve the particulate nature of matter. Again, this clearly demonstrates 
that students use macroscopic properties of substances to infer to their sub-microscopic 
properties and not the other way round as understood by the chemical community 
(scientifically literate people).  
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This finding is in line with literature (Johnstone, 1998; Krnel, Watson, & Glazar, 1998; 
Harrison and Treagust, 2002; Onwu and Randall, 2006) which reported that students use 
macroscopic properties of a substance to infer its particle properties. In other words, students 
reason from that which is visible (macroscopic world), to that which is invisible (sub-
microscopic world). As has been noted this is causing a serious pedagogical challenge, in the 
teaching and learning of chemistry at particle level. 
Table 4.10: Analysis of task Q 1.3 
Key: the letter in BOLD print is the correct response 
Q 1.3 A B C D None 
No. of learners 
who responded 
1 12 33 9 0 
Percentage (%) 1.8% 21.8% 60% 16.4% 0 
Item Q 1.3 in table 4 required learners to identify with reason, the scheme that depicted a 
mixture of elements. Learners had to select a sub-microscopic representation showing a 
mixture of two elements. In this task it was assumed that the learners were familiar with: 
elements, compounds and mixtures. Learners had to understand that an element is a substance 
made up of the same simplest particle (mono-atomic or diatomic) and that the difference 
between a diatomic element and compound lies in the fact that a diatomic element is made up 
two same sized particles that are chemically combined whereas a compound is a substance 
made up of two or more different sized particles that are chemically combined. The tasks 
were classified into both application and comprehension cognitive levels of Bloom’s 
taxonomy as learners should have been familiar with mono-atomic and diatomic elements 
and understand the difference between a diatomic element and a compound. The task was 
chosen as it provided the learners to switch between the macroscopic (mixture) level and the 
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sub-microscopic (different particles) level. The concept is the backbone of the matter and 
materials topic included in the new curriculum; hence the second reason for its choice. 
The task had a 40% failure rate. Some learners’ justifications for their choices were 
something like this “because the elements are not chemically joined together”. This seemed 
to suggest that some learners only think that an element must always be that which shows 
single atoms. They were not aware that there are some molecular (diatomic) elements, thus 
they did not know the difference between atoms and molecules. Interestingly, 21, 8% (for 
option B) and 16, 4% (for option D) and these two groups of students do not understand the 
difference between elements and compounds. Those who chose option A (1, 8%) do not seem 
to understand the difference between a pure element and a mixture of elements. 
Some of the wrong justifications for the correct answer are as follows: 
Table 4.11: Justification Analysis (wrong reasons for correct response) for Task Q1.3 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English  
Single circle and shaded 
or not shaded. 
 
Macro-sub-microscopic Has an idea; hence the 
correct answer 
Chemical and English 
It’s a chemical reaction,  
 
Macroscopic Lacks concepts 
(guessing) 
Not used to chemical 
diagrams 
Made up of more than 
one atom and different 
atoms  
Sub-microscopic Has concepts Lack appropriate 
language to express the 
reasoning 
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They are far away from 
each other so they are 
mixed elements,  
 
 
Macro-Sub-microscopic 
 
Has an idea but uses 
wrong reasoning to get to 
answer 
 
Chemical (not used to 
chemical diagrams 
It has four kinds of atoms 
that are joined in pairs, 
Sub-microscopic Has no concept 
(guessing) 
Lacks chemical language 
Not used to chemical 
diagrams 
mixture of elements are 
joined together, 
Sub-microscopic Has half the concept English 
Atoms are separated, Macro-Sub-microscopic Has no concept Not used to chemical 
diagrams 
Because elements are still 
not chemically bonded 
therefore we can identify 
the elements (which 
ones?) 
Macro-sub-microscopic Has the concept Fails to describe the 
mixture 
There are two types of 
elements, 
Macro-sub-microscopic Has the concept Fails to describe the 
mixture 
A mixture of elements 
that are not chemically 
joined to form a 
molecule, 
Macro-sub-microscopic Has the concept Fails to describe the 
mixture 
They are separated from 
each other and have 
different sizes,  
Macro-sub-microscopic Has the concept Fails to describe the 
mixture 
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Single circles are shaded 
and others are not 
shaded, 
Macro-sub-microscopic Has the concept Fails to describe the 
mixture 
An element is when two 
atoms are chemically 
joined, for example, NaCl 
which might be sodium 
chloride and if its three 
atoms then it is a 
compound, 
Macro-sub-micro-
symbolic 
Confuses compounds 
with elements 
Lacks knowledge of 
chemical diagrams 
It’s made of more than 
one substance, 
Macroscopic Cannot see particle but 
sees substances 
Not used to chemical 
diagrams 
Molecules are different 
but refer to one thing, 
Macroscopic Cannot see the difference 
between the particles 
Not used to chemical 
diagrams 
Two elements are in the 
same room temperature, 
Macroscopic Identifies room 
temperature 
Not used to chemical 
diagrams 
single circle (guessing), Sub-microscopic Has no idea about the 
diatomic element; hence 
identification of the 
monoatomic element only 
Not used to chemical 
diagrams 
It has carbon and 
hydrogen molecules, 
Sub-microscopic-
symbolic 
Knows hydrogen as H2 
and carbon as single 
atoms 
Not used to chemical 
diagrams 
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As can be seen from the justifications given by some learners to support their correct 
responses, no mention of monoatomic and diatomic elements was made. Some did not know 
the difference between a diatomic molecular element and a compound, a diatomic element 
was taken to be a compound. For example, the justification that “an element is when two 
atoms are chemically joined, for example, NaCl which might be sodium chloride and if its 
three atoms then it is a compound” strongly demonstrates lack of understanding of 
differences between elements and compound by student. The diatomic element was thought 
to be a compound, probably because teachers explain diatomic elements in terms of the 
chemical union that exists between the two same-sized particles.  The sizes of the bonding 
atoms were ignored by most of the students. In addition, some incorrectly counted the types 
of atoms that were involved in the mixture and thought that the bigger the spaces between 
particles the more the substance becomes a mixture which seems to suggest that even water 
in its vapour phase changes to an element as spaces between the particles increase. The 
reasons given are also an indication that indeed learners do not understand the particulate 
nature of matter. There is evidence that some of the 60% learners arrived at the correct 
responses with no correct understanding of what they were asked to do. They probably relied 
more on guessing than on understanding of the chemical concept involved. It also appeared 
as if learners were not familiar with this type of assessment, one which makes use of sub-
microscopic representations to depict matter at particle level.  
Below are some of the incorrect justifications used by some students to justify their incorrect 
answers: 
Table 4.12: Justification Analysis (wrong reasons for wrong response) for Task Q1.3 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Because they are mixed 
elements, elements are 
also chemically joined 
Macroscopic-sub-
microscopic 
Has the concept but 
Surprisingly learner 
chooses the wrong option 
English/Not used to 
chemical diagrams 
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(chose option D),  but with correct reasoning 
Oxygen, water, iron, 
carbon are there we call 
it a mixture,  
 
Macroscopic No concept Not used to chemical 
diagrams 
Different and not the 
same, 
Macroscopic No concept Not used to chemical 
diagrams 
The different types of 
atom size circles and 
elements in different 
shapes,  
 
Macro-Sub-microscopic A molecules was taken as 
a different king of atom 
(difference between a 
molecule and an atom not 
known) 
Not used to chemical 
diagrams 
It is also a gas,  
 
Macroscopic Only space between the 
particles is seen 
Not used to chemical 
diagrams 
And made up of two 
atoms that are attracted 
to each other.  
 
Sub-microscopic But sees only one type of 
element (diatomic), the 
monoatomic element not 
seen (difference of the 
two not known) 
Not used to sub-
microscopic 
representations 
Two same sized and 
joined elements (but 
chose option B), 
Sub-microscopic Has an idea Not used to chemical 
diagrams 
There two atoms joined 
together to form a 
mixture, 
Macroscopic No concept (diatomic 
element taken to be a 
mixture) 
Not used to chemical 
diagrams 
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They are not the same 
because one is shaded 
and we can call it…….,  
 
Macroscopic No concept Not familiar with 
chemical diagrams 
You can see many 
elements bonded 
together, 
Macroscopic No concept Not familiar with 
chemical diagrams 
There is water and other 
unknown elements,  
 
Macroscopic  No concept Not familiar with 
chemical diagrams 
They are not chemically 
closer apart, 
Macroscopic No concept Not used to chemical 
diagrams 
 
 
The molecules are not the 
same colour which means 
there different elements in 
the diagram and they are 
not the same,  
 
 
 
Macroscopic 
 
 
No concept 
 
 
Not used to chemical 
diagrams 
Because there is a 
mixture of elements,  
 
Macroscopic No concept (reason not 
connected to answer) 
Not used to chemical 
language (chemical 
diagrams) 
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Majority of the reasons given by those who did not manage the task showed inconsistency in 
the reasoning by students. In some cases the reasons given were nearest to what the task 
required and yet the learners could not identify the correct scheme. A number of learners 
gave incomplete statements, indicating lack of understanding and/ or confidence in facing the 
challenges of the task. Again, some of the learners tried to use macroscopic properties of 
matter to explain its particle properties, for instance, some thought particles close to each 
other depicted a mixture of an element. From this finding, it can be concluded that the 
concept of differences between monoatomic elements, diatomic (molecular) elements and 
compounds is not always apparent to students and this is why some of the used macroscopic 
properties of matter to identify diagrams that depicted matter at its particulate nature.  
Table 4.13: Analysis of task Q 1.4 
Key: the letter in BOLD print is the correct response 
Q 1.4 A B C D None 
No. of learners 
who responded 
0 28 12 15 0 
Percentage (%) 0 50.9% 21.8% 27.3% 0 
 
The task required learners to identify with reason, the scheme that represented a mixture of 
compounds. Learners had to choose a sub-microscopic representation that depicted a mixture 
of compounds. Learners were expected to be familiar with the following concepts:  
compounds and mixtures. They had to understand that a compound is a substance made up of 
two or more elements that are chemically bonded, and that a mixture is a substance made up 
of two or more different substances that are physically combined. The task demanded 
learners to make connections between the macroscopic world (mixture) and the sub-
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microscopic world (different compound particles). The task fell into the application and 
comprehension cognitive levels of Bloom’s taxonomy as it required learners to apply their 
knowledge about compounds, mixtures and understand the structure of compounds. The 
concept involved is also part of the matter and materials topic included in the new syllabus 
and forms the basis upon which learners’ understanding about the particulate nature of matter 
could be built; hence its choice.  
It was very evident that nearly half (49.1%) of the participants (above table) could not 
identify the diagram (B) that depicted a mixture of compounds. They either chose C or D 
indicating that indicating that some learners did not understand the nature of compounds in 
the mixture. Learners also thought different colour shades meant a mixture of compounds 
ignoring the fact that elements can also be presented in different colour shades and also that 
different compounds can have the same colour shades but different sizes. This leads to a 
conclusion that the learners were not familiar with the nature of compounds and this way of 
assessment (use of pictorial representations). 
Some of the incorrect justifications given for the correct responses: 
Table 4.14: Justification Analysis (wrong reasons for correct response) for Task Q1.4 
Justifications Chemical Thinking 
Level 
Chemical knowledge Language Barrier 
Problems 
Chemical or English  
The single circles are 
joined together. 
Macro-sub-microscopic No concept about 
compound mixtures 
Cannot find appropriate 
language (English) to 
express the idea 
Some of the atoms are 
having two molecules and 
others have one,  
Sub-microscopic No concept as (how can 
an atom have one or two 
molecules?) 
Chemical and English 
language problems 
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Compounds are mixed,  
 
Macroscopic No concept (cannot 
operate at sub-
microscopic level) 
Chemical and English 
language problems 
The elements are joined 
together 
Macroscopic No concept of compound 
mixtures 
Chemical and English 
language problems 
Two or more compounds 
in the same room 
temperature, ,  
 
Macroscopic No concept Not used to sub-
microscopic diagrams 
A mixture of compounds 
has many atoms joined 
together,  
 
 
Macro-sub-microscopic No concept Lack of appropriate 
language to describe the 
mixture 
Four kinds of atoms 
joined in pairs, 
Sub-microscopic No concept Not used to chemical 
diagrams 
Two different circles are 
combined or two or more 
elements are joined 
together,   
Macro-sub-microscopic Has an idea Lacks the appropriate 
chemical and English 
languages 
The compounds are 
variously different so as it 
is a mixture of 
compounds (language 
Macroscopic No clear concept Lacks the appropriate 
chemical and English 
languages 
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barrier) 
It has been mixture and it 
also have different size, 
Macro-sub-microscopic No clear concept Lacks the appropriate 
chemical and English 
languages 
They mixture and element Macroscopic No concept Not used to chemical 
Diagrams 
The circles are compound 
atoms and compound 
molecules mixed together, 
Macroscopic No concept (what are 
compound atoms?) 
Lacks the appropriate 
chemical and English 
languages 
Because it is made up of 
different atoms,  
Sub-microscopic No concept (can only see 
individual atoms) 
Not used to chemical 
diagrams 
 
Elements are also 
chemically joined 
 
Macroscopic 
 
No concept (the word 
element used in place of 
atom) 
 
Lacks the appropriate 
chemical and English 
languages 
The main problem experienced by learners seemed to be language, since the justifications do 
not clearly expose what most learners wanted to say. The explanations are disjointed and 
distorted and as a result it was difficult to determine what the learners were trying to say. 
Nevertheless, it became very clear that the idea of compounds is not clearly understood by 
learners. This finding indicates that the students’ background about chemical bonding was 
very poor; they struggled to identify compounds in a mixture. It also means that leaners do 
not know differences between different compounds. It also was very evident that learners 
were not used to sub-microscopic representations as a way of learning chemical concepts. 
These are some of the incorrect justifications used by some students to justify their incorrect 
responses: 
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Table 4.15: Justification Analysis (wrong reasons for wrong response) for Task Q1.4 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English  
And there are only two 
elements with two types 
of them. 
 
macroscopic No concept Not used to chemical 
diagrams 
There are different kinds 
of molecules in the 
diagram and molecules 
do not have the same size 
and colour,  
 
Macroscopic No concept (atoms are 
being referred to as 
molecules) 
Lack of knowledge on 
chemical diagrams 
They are chemically 
joined together 
Macroscopic No concept Lack of knowledge on 
chemical diagrams 
Water is also there Macroscopic No concept Not used to chemical 
diagrams 
The particle is  joined 
with two shaded circles,  
 
Sub-microscopic No concept Not used to chemical 
diagrams 
There are atoms that 
joined together, 
Sub-microscopic No concept Language problems 
(Chemical and English) 
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*Two different sized 
atoms were chemically 
bonded together to form a 
molecule of a compound 
 
Sub-microscopic Concept of compound is 
known (surprisingly a 
wrong option was 
chosen) 
Lacks appropriate 
language to express the 
idea 
*Different types of atom 
size circle and compound 
in different shapes,  
 
Macro-Sub-microscopic Concept present 
(surprisingly,  wrong 
option was chosen) 
Lack of appropriate 
language to bring out the 
idea 
Not joined together and 
not the same size,  
 
Macroscopic No concept at all Not used to sub-
microscopic 
representations) 
There are two elements 
that are different sized 
and joined together,  
 
Macroscopic No concept (word 
element is used in place 
of atom and/ or 
compound) 
Lack of appropriate 
language and use of 
chemical diagrams 
Different elements joined 
together,  
 
Macroscopic No concept (word 
element is used in place 
of atom and/ or 
compound) 
Lack of appropriate 
language and use of 
chemical diagrams 
It’s a mixture of 
compounds because they 
represent the hydrogen 
oxide’s chemical symbol, 
Macroscopic No concept Not used to chemical 
diagrams 
It’s a mixture of 
compounds that are 
Macroscopic No concept (simply 
repeats part of the 
Not used to chemical 
diagrams 
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joined together, question) 
They mixed compounds 
together 
Macroscopic No concept Not used to chemical 
diagrams 
made up of two elements Macroscopic No concept Not used to chemical 
diagrams 
Because it has two same 
sized and joined circles 
Macroscopic No concept Not used to chemical 
diagrams 
Two or different sized 
circles joined together 
Macroscopic No concept Not used to chemical 
diagrams 
An atom and element and 
molecule of element and 
two sides are joined 
together 
Macroscopic No concept at all No appropriate language 
and not used to chemical 
diagrams 
Compounds are shown in 
the diagram bonded 
together, 
Macroscopic No concept No appropriate language 
and not used to chemical 
diagrams 
They are mixed and they 
are bonded together,  
 
Macroscopic No concept No appropriate language 
and not used to chemical 
diagrams 
Solid is made up of 
different elements 
Macroscopic No concept No appropriate language 
and not used to chemical 
diagrams 
The same compounds are 
joined together and the 
other of another kind of 
Macroscopic No concept No appropriate language 
and not used to chemical 
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compounds,  
 
diagrams 
Learners (49, 1%) who did not manage the task gave more distorted justifications. They also 
struggled to express their ideas, indicating language problems. It also became clear that this 
was probably the first time the learners saw such diagrams; they gave reasons for the sake of 
it. There were so signs   of conceptual understanding of the pictorial representations as well 
as the concept involved in the task. 
Table 4.16: Analysis of task Q 1.5 
Key: the letter in BOLD print is the correct response 
Q 1.5 A B C D None 
No. of learners 
who responded 
39 3 4 7 2 
Percentage (%) 70.9% 5.5% 7.7% 12.7% 3.2% 
 
Learners were required to identify the scheme that depicted a solid by choosing the 
appropriate sub-microscopic representation. Learners had to be familiar with the kinetic 
molecular theory of matter and how this influences the physical state of a substance. They 
had to understand that there are two major factors that influence the physical state of a 
substance: uniform or regular packing of particles, and the closer the particles the more the 
substance approaches the solid state. The task was classified into Bloom’s application 
cognitive taxonomy as learners had to apply their knowledge (kinetic molecular theory) about 
solids, liquids and gases. The problem was selected as the concept involved is very important 
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according to elementary school curriculum in South Africa. The task also afforded the 
researcher to gain insights into how learners manage chemical problems when they make 
transitions between sub-microscopic (arrangement and space between particles) level and the 
macroscopic (solid state) level. 
 Item Q 1.5 in table 16 was well done (70.9% pass rate) indicating a very low level of 
difficulty. Learners appeared to be well versed with what determines the state of matter (the 
closeness of particles). They clearly demonstrated their understanding of the kinetic theory of 
matter by choosing option A. The accompanying reasons they gave agreed with the theory 
and showed their understanding of the link between the macroscopic (solid state) and sub-
microscopic (particle model) levels of chemical thinking. Nevertheless, some learners 
(29.1%) found it difficult to identify the solid state using pictorial diagrams indicating lack of 
knowledge of the connectedness of the macroscopic and the sub-microscopic worlds of 
matter. 
Incorrect reasons given to justify some of the correct answers are given below: 
Table 4.17: Justification Analysis (wrong reasons for correct response) for Task Q1.5 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
Because atoms are 
bonded together (single 
circle), 
Sub-microscopic No concept Not used to chemical 
diagrams 
Has atoms of the same 
element, 
Macro-Sub-microscopic No concept (kinetic 
molecular theory not 
understood at all) 
Not used to chemical 
diagrams 
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Contain one type of 
element and they are not 
chemically joined, 
Macroscopic No concept (one type of 
an element is not 
necessarily a solid) 
Not used to chemical 
diagrams 
They are apart to each 
other 
Macroscopic No concept Lacks appropriate 
language and not used to 
chemical diagrams 
And a single circle is an 
element. 
 
Macroscopic No concept Lacks appropriate 
language and not used to 
chemical diagrams (task 
problem not understood) 
The reasons given above were not in line with what was required and yet the learners 
concerned managed to get the correct response. They probably resorted to guessing as the 
diagram was the only one completely different from the others. Some students thought that a 
pure element signifies a solid state of matter whilst others thought that anything chemically 
combined (compounds) cannot be found in a solid state. 
Here are some of the justifications given by some students to justify some of their incorrect 
responses: 
Table 4.18: Justification Analysis (wrong reasons for wrong response) for Task Q1.5 
 
Justifications 
 
Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
*As particles are in an 
orderly pattern (option D 
was chosen),  
Macroscopic-sub-
microscopic 
Concept present (but 
chose the wrong option) 
Did not understand the 
question and/or not used 
to chemical diagrams 
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And an atom of an 
element as it has a single 
circle which can be 
shaded or not shaded and 
it has a high base 
(weight) and it’s in a 
solid form (option C was 
chosen). 
Sub-microscopic No concept at all Lacks both languages and 
not used to chemical 
diagrams 
Is most likely the solid 
(option B was chosen),   
Macroscopic No concept (guessing) Not used to chemical 
diagrams 
Because particles (option 
D chosen) are away from 
each other (kinetic 
molecular theory not 
understood), 
Sub-microscopic No concept (kinetic 
molecular theory not 
understood) 
Not used to chemical 
diagrams 
Because it has more 
molecules and solids 
(option B was chosen),  
Macroscopic No concept Not used to chemical 
diagrams 
They are two and more 
different elements (option 
B was chosen), 
Macroscopic No concept Not used to chemical 
diagrams 
Water is there and also 
iron (option B was 
chosen), 
Macroscopic No concept Not used to chemical 
diagrams 
Particles are coose 
(language barrier),  
Sub-microscopic No concept Not used to chemical 
diagrams and English is a 
problem 
*Atoms are closely 
packed together (option C 
Sub-microscopic Concept present (but 
chose a wrong option) 
Not used to chemical 
diagrams 
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was chosen),  
 
Because it is a mixture of 
two different compounds 
bonded together (option 
B was chosen),  
 
Macroscopic No concept Not used to chemical 
diagrams 
Two joined circles are 
joined (option C was 
chosen) 
Macroscopic  No concept Did not understand the 
question and mot used to 
chemical diagrams 
Although the majority of students managed the task, 29, 1% struggled to come up with the 
correct response and this is worrisome. This means that the kinetic molecular theory of matter 
and the particulate nature theory of matter are not clearly understood by learners. This is a 
cause for concern since these two theories are fundamental to the learning of chemistry. It 
therefore means that these misconceptions are carried through to grade 12 where higher 
concepts are dealt with. It also can be concluded that the chemical foundation to grade 12 
chemistry learning is not properly laid down, hence the poor performance in public National 
Senior Certificate examinations. 
However it is not clear whether difficulties experienced by students were due to lack of 
knowledge of concepts involved or due to lack of understanding of pictorial representations 
or due to both factors. Gilbert and Treagust (2009) and Davidowitz and Chittleborough 
(2009) suggest careful and explicit use of chemical diagrams because connections between 
the macroscopic and sub-microscopic levels are not always apparent to learners. This fact is 
of current concern, and an insight into how learners make use of sub-microscopic 
representations to depict matter at particle level, must be sought. 
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The analyses of task items 2, 3, 4 and 5 are discussed below. This part of the analysis is 
similar to the analysis given above with respect to task item no. 1 (sub-items 1.1, 1.2 .1.3, 1.4, 
and 1.5). Justifications to multiple choice questions were analysed in accordance with the 
conceptual framework, categorized and put in tables and graphs (preceding section). 
Table 4.19:  Overall Analysis of Tasks 2, 3, 4 and 5 
GRADE 10 Sub microscopic Representations overall Task Analysis 
(Questions 2, 3, 4 and 5) 
Task No. Q 2 Q 3 Q 4 Q 5 
No. of Learners with correct answer 30 20 6 5 
No. of Learners with wrong answer 25 35 47 50 
No. of Learners not responded 0 0 2 0 
Total No. of Learners wrote 55 55 55 55 
Percentage Pass (%) 54.5% 36.4% 10.9% 9.1% 
Percentage Fail (%) 45,5% 63.6% 89.1% 90.9% 
 
Table 17 shows the overall task analyses of tasks 2, 3, 4 and 5. As can be seen from the table, 
the tasks became increasingly difficult with task 5 being the worst performed (9.1% pass 
rate). Individual task analyses are shown in tables below. 
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Table 4.20: Analysis of task 2 (Q 2)  
Key: The letter in BOLD print is the correct response 
 Q  2 A B C D None 
No. of learners  
who responded 
9 30 4 12 0 
Percentage (%) 16.4 54.5% 7.3% 21.8% 0 
 
Task Q 2 required learners to identify with reason, the scheme that represented an aqueous 
solution of hydrochloric acid at the particle level. Water molecules were omitted for clarity 
purposes. In order to be successful in solving this task, three assumptions were taken into 
account: that learners understood that hydrochloric acid is a strong acid; that the acid 
completely ionises in water making an aqueous solution; and that only the hydronium 
(hydroxonium) and the chloride ions are present in the aqueous solution. This task is 
classified into the application cognitive level of the Bloom’s Taxonomy. The task was chosen 
as it required learners to think at all three levels into which chemistry is portrayed. 
Furthermore, the concept of aqueous solution of hydrochloric acid is included in the current 
grade 10 physical science syllabus.   
The task had a 45.5% failure rate indicating a high level of difficulty. Only seven (13.6%) of 
the learners (54.5%) who got the correct response had the correct reasoning, the rest (40.9%) 
got the correct response with wrong reasons which probably means that they relied more on 
guessing rather than proper reasoning. For example, a number of the learners said, “Water 
molecules are omitted” which simply shows lack of understanding of the question and some 
of them gave very wild responses, for example, “because acid cannot be chemically bonded 
to water, water has two hydrogen and oxygen atom and molecules that are close apart, hydro 
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means water and it contains water together with chloric acid, it has more hydrogen chloride 
atoms than the others” indicating that they relied heavily on guess work.  
Some of the wrong reasons the learners gave for the correct response went like this: 
Table 4.21: Justification Analysis (wrong reasons for correct response) for Task Q 2 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
It has balanced water 
molecule and chloride ion 
(hydronium ion was taken 
to be water molecule),  
Macro-sub-microscopic Has the idea but 
hydronium ion was taken 
as water 
Chemical language 
The atom oxygen, iron, 
water are called 
hydrochloric because it is 
a compound, 
Macro-sub-microscopic Has no concept Chemical Language 
The hydrochloric atoms 
are separated and they 
are a mixture,  
Macro-sub-microscopic Has no concept (reaction 
taken to be a mixture) 
Chemical language 
Water molecules are 
omitted, 
Macroscopic Has no concept (mislead 
by the ‘water molecules 
were omitted for clarity) 
Chemical Language 
Acid cannot be 
chemically bonded to 
water,  
Macroscopic No concept Chemical Language 
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It has high density and it 
is a scheme that is 
hydrolysed or added, 
Macroscopic No concept reason not 
related to task 
Chemical language 
It has more hydrogen 
chloride atoms than the 
others  
Sub-microscopic No concept (hydronium 
ion was taken to 
represent HCl), 
Chemical language 
It has the same molecules 
or water molecule has the 
same average as chloride 
ion, 
Macro-sub-microscopic Has the concept English Language to 
express concepts 
It’s one hydrogen and 
three oxygen joined and 
also four chlorines 
separated  
Sub-microscopic Some idea present but bot 
sure about chemical 
bonding involving 
hydrogen and oxygen 
((one hydrogen atom was 
thought to form three 
bonds with oxygen 
atoms), 
Chemical Language 
(chemical formulae, 
periodic table) 
Column B represents a 
water molecule and also 
chloride ion, they were 
combined,  
Macro-sub-microscopic Some idea present but the 
H+ was thought to 
represent Chloride ion 
and the hydronium ion 
would then be H2OCl 
molecule) 
Chemical language 
(symbolic) 
Water molecules are 
equal to chloride ions 
(hydronium ions were 
taken to represent water 
molecules) water, 
Macro-Sub-microscopic Has the idea but H3O+ 
ions were mistaken for 
H2O molecules) 
Chemical language 
It is made up of two 
atoms,  
Difficult to say (chloride 
and hydronium ions were 
taken to be atoms) 
Guessing and No idea 
(compound ions are not 
known) 
Chemical language 
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At the legend they show 
us that we have to use the 
water molecule and 
chloride ion so B is the 
one that represents the 
hydrochloric acid,  
Macro-sub-microscopic Has the idea but H3O+ 
ions were mistaken for 
H2O molecules) 
Chemical language as 
well as English to express 
ideas 
Molecules are mixed with 
hydrogen and oxygen, 
Macroscopic No concept (guessing) Not used to chemical 
diagram 
Hydrochloric acid are the 
particulate level that 
water molecules are 
being omitted for clarity  
Macroscopic No concept (guessing) Not used to chemical 
diagram (misunderstood 
the question completely), 
Water molecules contain 
2 hydrogen and 1 carbon 
dioxide element, 
Macro-sub-microscopic No concept (oxygen atom 
taken to be carbon atom) 
Chemical Language (does 
not understand the 
structure of water) 
It has hydrogen atom and 
chlorine atoms but they 
are not joined,  
Macro-Sub-microscopic Has some idea 
(Knowledge of separation 
of H+ and Cl- present) 
Chemical language  
Water has two hydrogen 
and oxygen atom and 
molecules are close 
apart, 
Macroscopic-sub-
microscopic 
Reasoning not related to 
correct answer (only 
description of the water 
molecule was given) 
Chemical as well as 
English 
There are a fewer 
chlorine ions and lot of 
water molecules,  
Macro-sub-microscopic No concept at all 
(guessing) 
Not used to chemical 
diagrams 
Because hydrogen means 
water and it contains 
water together with 
hydrochloric acid and the 
Macroscopic No concept at all 
(guessing) 
Not used to chemical 
diagrams 
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molecules are moving 
around and that’s how 
they should be. 
 
I just think it’s right 
because all molecules 
match  
Sub-microscopic No concept at all (purely 
guessing) only the 
matching was used with 
no proper reasoning 
(reaction between water 
and hydrochloric acid not 
considered at all) 
Chemical language (not 
used to chemical 
diagrams) 
Although learners were able to equate the number of hydronium (H3O+) ions to the number of 
the chloride (Cl-) ions to enable them to identify the correct scheme, they did not realise that 
the hydronium ion was not water. They thought the hydronium ions represented water 
molecules. This clearly illustrates the point that learners were not very familiar with this 
phenomenon; hence they could not connect it to the sub-microscopic level. The term “Water 
molecules were omitted for clarity” and the matching of hydronium ions to chloride ions 
helped some students to get to the correct answer but without proper reasoning. In some cases 
learners guessed the correct answer, for instance, one learner said, “I just think it’s right 
because all molecules match” indicating some element of some guess work. Some statements 
like “it has the same molecules or water molecule has the same average as chloride ion” 
indicated proper reasoning but exhibited language problems in some students as they could 
not give the picture quite clearly. Some learners thought the hydronium consisted of three 
oxygen atoms and one hydrogen atom in the centre and gave a reason like “it’s one hydrogen 
and three oxygen joined and also four chlorines separated” suggesting that one hydrogen 
atom  formed  three bonds with three oxygen atoms. This finding is a clear indication that 
chemical bonding is also not understood by some grade 10 physical science students. 
Justifications by those who got the wrong responses to this task are given and analysed 
below:  
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Table 4.22: Justification Analysis (wrong reasons for wrong response) for Task Q 2 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
Carbon and chloride Macroscopic No concept Not used to chemical 
diagrams 
D as HCl consists of only 
atoms of hydrogen and 
chlorine molecules 
chemically joined 
together, 
sub-micro-symbolic No concept Chemical language 
It is A as some chlorine 
atoms are attached to the 
hydrogen atoms 
Sub-microscopic No concept  Not used to chemical 
diagrams 
The particles in scheme D  
are made up of free 
particles/atoms that are 
far apart from each other 
Sub-microscopic No concept Not used to chemical 
diagrams 
Because water molecule 
are mixed with chloride 
and are solid and they 
are two atoms and they 
have more hydrogen 
chloride atoms,  
Macro-sub-microscopic .No concept  Not used to chemical 
diagrams 
There is only one water 
molecule,  
Sub-microscopic No concept(indicating the 
removal of water 
molecules from the 
solution when an acid is 
Not used to chemical 
diagrams 
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introduced to it) 
Because there is one 
chloride and three water 
molecules,  
Sub-microscopic No concept Not used to chemical 
diagrams 
Particles are far apart,  Sub-microscopic No concept Not used to chemical 
diagrams 
It is combined with water 
which are at a high 
concentration, 
Macroscopic-sub-
microscopic 
No concept Not used to chemical 
diagrams 
When we have an acid 
water is taken out,  
Macroscopic No concept (lack of 
knowledge of the reaction 
that takes place) 
Chemical diagrams no 
familiar 
Water molecules are 
mixed with chloride ion 
and its solution is 
hydrochloric acid 
because chloride ion was 
chemically mixed with 
water,  
Macro-sub-microscopic No concept Not used to chemical 
diagrams 
Because there is only one 
particle of water in that 
diagram  
Sub-microscopic No concept (indicating 
the removal of water 
molecules from the 
solution when an acid is 
introduced to it) 
Not used to chemical 
diagrams 
Diagram A because it is a 
mixture of compound 
molecules that consist of 
hydrogen, 
Macroscopic No concept Not used to chemical 
diagrams 
It is A as it is written like Symbolic No concept Not used to chemical 
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HCl2. diagrams 
There are 3 chloride ion 
on their own and 3water 
molecules  
Sub-microscopic No concept (ignored 
complete dissociation of 
the HCl) and option C 
was chosen 
Chemical language in 
terms of complete 
dissociation of HCl 
There are 2 water 
molecules and 2 chloride 
ions in the scheme they 
represent the symbol 
H2O,  
Sub-microscopic No concept (ignored 
complete dissociation of 
the HCl) and option A 
was chosen 
Chemical language in 
terms of complete 
dissociation of HCl 
Mixture in A is balanced 
and mixtures have to be 
balanced,  
Macroscopic No concept (option A 
was chosen) and ignored 
complete dissociation of 
the HCl) 
Chemical language in 
terms of complete 
dissociation of HCl 
D is correct because it is 
a mixture of hydrogen 
and chloride,  
Macroscopic No concept (no reaction 
was considered) 
Not used to chemical 
representation  
A is the one as the water 
molecules are equal to 
the chloride acid or water 
molecules are balanced 
to chloride ions 
Macro-sub-microscopic No concept and ignored 
complete dissociation of 
the HCl). Hydronium ion 
took as water 
Chemical language in 
terms of complete 
dissociation of HCl 
D because it has one 
water molecule and one 
chloride ion and three 
hydrogen  
Sub-microscopic No concept (does not 
know the structure of a 
hydrogen molecule as 
well as that of water) 
Chemical symbols and 
formulae 
D  is the one because 
there are water molecules 
which are omitted for 
clarity and they are not 
the same substances ,  
Sub-microscopic No concept Not used to chemical 
language that uses 
chemical diagrams 
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 And it’s D as particles 
are joined together with a 
chloride ion  
Sub-microscopic No concept Not used to chemical 
language that uses 
chemical diagrams 
 
From the way most students responded as indicated above, it seems they did not understand 
what the question required. The statement “Water molecules were omitted for clarity” in the 
question seems to have confused learners and this leads them to choose options (A or C or D) 
whose diagrams had the least number of hydronium ions (thought to be water molecules). In 
fact some learners gave reasons like “when we have acid water is taken out”.  Again, this is 
an indication that learners were not used to sub-microscopic diagrams and as a result they 
could not understand the terminology used. They thought that adding HCl acid to water 
would result in the removal of water molecules from the solution. They took the hydronium 
ions to be water molecules which meant that learners did not know either its structure or how 
HCl interacts with water (HCl(aq) + H2O(l)  H3O+ (aq)+ Cl- (aq)). This type of reasoning was 
also displayed by those who got the correct response. In some cases HCl was taken to be H2, 
especially by those who chose option D. They took unionised HCl to represent H2, further 
suggesting that the learners did not know the difference between a compound and a diatomic 
element.  Some learners considered the interaction of HCl with water from an additive point 
of view and could only see mixtures of particles in the diagrams. Moreover, some of the 
justifications which the learners gave were totally unreasonable, suggesting that learners were 
not used to this way of learning and assessment in chemistry. 
In conclusion, although some of the learners (40.9%) made reference to number ratios of the 
particles present in solution, they referred to hydroxonium ion (H3O+) as water molecules. 
This seems to suggest that the learners lacked knowledge of how an acid dissociates in water 
(HCl(aq) + H2O(l)  H3O+ (aq)+ Cl- (aq)). As a result some of them could not match the number 
of hydroxonium ions to number of chloride ions in the solution. They lacked understanding 
of solution chemistry. 
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The 45.5% learners who did not get the expected response, got various responses for various 
wrong reasons indicating that they lacked knowledge of the concept completely. For instance, 
some learners gave option C as the response and said, “The scheme represents all the 
substances hydrogen, water and also chlorine”, some chose option A and said, “There are 2 
water molecules and two chloride ions in the scheme that represent the symbol H2O”. This 
showed lack of knowledge of the concept of dissolution in solution chemistry. Furthermore, 
some learners did not realise that an acid (HCl) completely dissociates in water and could not 
get the correct number ratios of particles (ions) in solution. 
Those who chose option D were not the majority but most of them thought that the fewer the 
number of water molecules the more the scheme represents a solution. In confusion they 
referred to hydroxonium ion as a water molecule. One learner said, “Only one particle of 
water molecule in the diagram”. Some learners thought that the acid takes the place of water 
and one learner actually said, “When we have acid water (H2O) is taken out”. For lack of 
understanding of the task question some learners thought that since water had been omitted it 
did not interact with the acid and as a result they chose option D.  
The following reasons were given by some the learners for choosing option C: the particles 
are far apart; it is combined with water which is at high concentration; there is one chloride 
ion and three water molecules; there are three chloride ions on their own (true) and three 
water molecules (false) and the learners appear not to understand concept of complete 
dissociation of a strong acid (HCl) and again what is referred to as water molecules are 
hydroxonium (H3O+) ions. 
The correct option B was chosen by 54.5% of the learners but only a few had the correct 
reasoning. They managed to match the number of H3O+ ions to the number of Cl- ions 
although some thought that the shaded circle to which the hydrogen atoms are attached is the 
hydrogen itself and not the oxygen. For example, one learner said, “the answer is B because 
its one and three oxygen atoms joined”. Learners’ chemical bonding background is arguably 
lacking. For example, a number of learners who chose option B had reasons similar to those 
who chose option D, thereby raising suspicions that they relied on guess work and never put 
effort to reasoning out the correct explanation using the concept of chemical bonding. 
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Those who chose option (A) showed lack of knowledge of solution chemistry. They viewed a 
solution from a mixture point of view at the expense of the chemical interaction between 
water and hydrochloric acid particles. They had an additive point of view of matter and 
ignored the chemical reaction between water and the hydrochloric acid particles. They just 
looked at the number ratio of entities regardless of the fact that some HCl particles had not 
dissociated into water. Some explanations given for choosing option A were beyond our 
imagination, for example, one learner  gave the reason as “It is written as (HCl2)” and this 
did not seem to have meaningful connection to diagram A, perhaps he or she did not 
understand chemical bonding and solution chemistry at all. Finally, it was very evident from 
this analysis and interpretation that learning, teaching and assessment that involves use of 
sub-microscopic representations in not common practice in South African secondary schools. 
Table 4.23: Analysis of task 3 (Q 3)  
Key: The letter in BOLD print is the correct response 
Q 3 A B C D None 
Number of learners 
who responded 
6 14 15 20 0 
Percentage (%) 10.8% 25.5% 27.3% 36.4% 0 
 
Responses to task Q 3 are shown in the above table. The task required learners to identify 
with a reason, the scheme that represented an aqueous solution of a base. In line with 
Bloom’s Taxonomy, the task is categorised into the comprehension cognitive level as it 
required learners to be familiar with the hydroxide ion in order to solve the problem. The task 
was chosen as it provided the platform upon which learners’ reasoning about particles in 
aqueous solutions could be investigated and in addition, the concept (bases) is included in the 
new grade 10 physical science curriculum. 
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The percentage achievement rate was 36.4%, and many learners did not do well in this task. 
The learners reasoning about the sub-microscopic diagrams were similar to reasons given for 
their choices in task Q 2. They showed lack of understanding of how a base behaves in water. 
Most of those who chose the correct option D gave the reason that the diagram was the only 
one different from the others due to the black dots. Again they did not have the correct 
reasoning, they were just lucky and this led to the conclusion that learners did not have 
sufficient base-water interaction background.  They resorted to salient thinking as a result 
they ended up guessing. Some of the wrong reasons given for the correct responses are given 
and discussed below: 
Table 4.24: Justification Analysis (wrong reasons for correct response) for Task Q 3 
Justifications Chemical Thinking 
Level 
Chemical knowledge Language Barrier 
Problems 
Chemical or English 
Language 
This is the substance that 
are not omitted for 
clarity,  
Macroscopic  No concept (guessing) Not used to chemical 
diagrams (the term ‘water 
molecules were omitted 
for clarity’ was not 
understood)  
There are water 
molecules and a chlorine 
ion combined there,  
Sub-microscopic Reasoning not connected 
to correct response (no 
reference to hydroxide 
ions) 
Not used to chemical 
diagrams 
Made up of 3 different 
atoms,  
Sub-microscopic Sees 3 different types of 
particles but refers to 
them as atoms (difference 
between atoms and 
compounds not 
understood) 
Chemical language (not 
used to chemical 
diagrams) 
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It is omitted for clarity 
and there is no chloride 
ion,  
Sub-microscopic Thought that absence of 
chloride ions meant a 
base (concept not 
understood) 
Chemical language (the 
term ‘water molecules 
were omitted for clarity’ 
was not understood) 
Because the black 
molecules are not joined 
together,  
Macroscopic-sub-
microscopic 
Did not know what the 
black dots stood for (no 
mention of the free OH- 
ions) 
Chemical language 
(could not interpret the 
key) 
It is different from others 
and I think those black 
molecules represent a 
base  
Macroscopic No proper reasoning 
(concept of bases not 
known at all)-an example 
of guess work 
Chemical language 
(could not interpret the 
key) 
It is the only diagram that 
has alkali pH which 
means this scheme is very 
sour  
Macroscopic Reasoning not connected 
to sub-micro level 
Not familiar with 
chemical diagrams 
It consists of water 
molecules and other 
unidentified atoms, 
 
Sub-microscopic Chose option D as it is 
the only one with some 
particles not used in the 
key (legend) 
Not familiar with 
chemical diagrams 
 
It contains 3 different 
types of ions and 
molecules 
 
Sub-microscopic 
 
Reasoning not related to 
choice of correct answer 
 
Not familiar with 
chemical diagrams 
The base must have a 
mixture of elements, 
Macroscopic No concept (thought that 
a mixture of many 
elements gives rise to a 
Not familiar with 
chemical diagrams 
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base) 
Because particles in the 
diagram are not 
uniformly packed, 
Sub-microscopic No concept (Associates 
randomness of particles 
with a base) 
Chemical language 
There is both water 
molecule and chloride ion 
Macroscopic-sub-
microscopic 
No concept (guess) Could not interpret the 
key (chemical language) 
They are all in a base 
solution 
Macroscopic No concept (guess) Not familiar with 
chemical diagrams 
 
Further analysis of the above mentioned justifications given by some learners who got the 
correct responses revealed a lot of solution chemistry misconceptions. As has been mentioned 
earlier on, most of the learners who responded correctly were assisted by the fact that 
diagram D was the only one with black dots, making it different from the rest; hence they 
guessed correctly. They had no proper understanding of the basic properties of a solution. 
There was absolutely no mention of OH- ions as the ones responsible for the basic properties 
of a solution; instead most students thought a basic solution is determined by the chloride 
ions. Diagram D was the only one with OH- ions present with nothing to neutralise them and 
no student gave that as a reason.  Learners seemed to have mixed ideas from question no. 2 
with ideas in question no. 3. Strange enough, some learners thought that the larger the 
number of water molecules the more basic the solution becomes, an indication that learners 
had no clue whatsoever as to what determined a basic solution. Reasons for choosing the 
wrong answer are given in the analysis table below. 
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Table 4.25: Justification Analysis (wrong reasons for wrong response) for Task Q 3 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
Scheme B because it has 
only hydrogen and 
oxygen,  
Macroscopic No concept (even the 
molecular structures of 
hydrogen and oxygen are 
not known) 
Chemical Symbols not 
understood 
 
Its C because atoms are 
not the same and they are 
even different in size,  
 
Macroscopic-sub-
microscopic 
 
No concept (every 
particle taken to be an 
atom) 
 
Chemical language 
(chemical diagrams) 
Its B as the solution is 
made up of compounds 
only,  
Macroscopic No concept at all (no clue 
as to what determines a 
basic solution) 
Chemical language 
(chemical diagrams) 
Its solution C and is 
written as H2OCl, 
Symbolic No concept (no clue as to 
what determines a basic 
solution) 
Chemical language 
(chemical formulae not 
understood) 
Its C as water ions are 
separated from chloride 
ions,  
Sub-microscopic Reasoning is not in line 
with the option chosen 
either (H2O is seen as 
ions) 
Chemical language 
(chemical diagrams) 
Its C it contains different 
elements including water 
molecule and chloride ion  
Sub-microscopic Attributes the basic 
nature of solutions to 
presence of water 
molecules and chloride 
ions 
Mislead by Q 2 (not used 
to chemical diagrams) 
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Must be B since only 
water molecules should 
be present  
Sub-microscopic Attributes basicity to 
presence of water 
(apparently B contains 2 
water molecules, 4 
hydronium ions and 3 
OH- ions, which meant 
the solution was acidic ). 
The concept of acidity is 
also not known. 
Chemical language (use 
of chemical diagrams to 
explain acids and bases) 
C because there are many 
particles joined together, 
Macroscopic Attributes basicity to 
many  particles 
Chemical language (use 
of chemical diagrams to 
explain acids and bases) 
C because it is similar to 
the one on problem No. 2 
and it also has the same 
molecular structure,  
Macroscopic No proper reasoning 
(concept not known at 
all) 
Influenced by Q 2 (not 
used to chemical 
diagrams) 
Its B as a base consists of 
3 atoms bonded together 
with water molecules, , 
Macroscopic No proper reasoning 
(hydronium taken as that 
which gives a basic 
solution its characteristic, 
indicating that the 
concept of acidity is also 
not known) 
Not used to chemical 
language (use of chemical 
diagrams to explain 
basicity and acidity) 
B it is a mixture that does 
not have chlorine 
molecules,  
Macroscopic Attributes the basic 
nature of solutions to 
presence of chloride ions 
Not used to chemical 
language 
B as 2 atoms of hydrogen 
and 1 atom of oxygen 
give a water molecule 
Sub-microscopic Only describes the water 
molecule 
Not used to chemical 
language 
A it has water molecules 
and chloride ions,  
Sub-microscopic Learner thought that a 
base must contain water 
and chloride ions 
Not used to chemical 
language 
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B as water molecules are 
bounded atoms or 
chemically joined, 
Macroscopic-sub-
microscopic 
Attributes basicity to 
presence of water 
Not used to chemical 
language 
C as the majority of the 
molecules are chloride, 
Macroscopic No concept (the chlorine 
molecules mentioned are 
not in the diagram chosen 
indicating that the 
structure of  the chlorine 
molecule is not known) 
Chemical diagrams 
(chemical symbols and 
formulae) 
B because water 
molecules are closer than 
chloride ions, 
Macroscopic Reasoning not related to 
choice (no concept of 
bases) as B does not have 
chloride ions 
Chemical Diagrams often 
not used during 
instruction 
B as particles are alike 
and made up of water 
molecules, 
Macroscopic Particle in the diagram do 
not look alike 
Chemical diagrams (not 
used to sub-microscopic 
representations) 
Its B as water molecules 
are being omitted from 
the aqueous solution of a 
base, 
Macroscopic Mislead by the term 
“Water molecules are 
omitted for clarity” 
Chemical diagrams (the 
term ‘water molecules 
were omitted for clarity’ 
was not understood) 
A as it represents water 
and chloride ion 
Macroscopic-sub-
microscopic 
Attributes basicity to 
presence of water and 
chloride ions  
Not used to sub-
microscopic 
representations  
B because there is no 
mixture of any 
substances,  
Macroscopic No concept (the idea of 
mixtures is not known) 
Not used to chemical 
diagrams 
C there are different 
kinds of elements and 
they are far apart from 
each other,  
Macroscopic No concept (C does not 
even contain elements, 
indicating that the 
difference between an 
element and a compound 
Not used the language of 
chemical diagrams 
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is not known) 
C as aqueous solutions 
are water molecules 
clarity  
Macroscopic No concept (the concept 
of aqueous solutions is 
not known) 
Chemical diagrams and 
the English (The clarity is 
not known) 
C since the particles of 
chloride ions are greater 
than the particles of 
water molecules,  
Sub-microscopic No concept (chloride ions 
mentioned are not present 
in C) 
Chemical diagrams are 
not familiar 
A as water molecules are 
not joined 
Macroscopic No concept at all Not used to chemical 
diagrams 
B since it does not have 
chloride ion 
Sun-microscopic No concept (attributes 
basicity to absence of 
chloride ions) 
Chemical diagrams 
showing bases and acids 
in solution required 
C because a base is a 
chemical substance 
consisting of molecules 
and chlorine 
Sub-microscopic No concept (chloride ions 
mentioned are not present 
in C) 
Chemical Diagrams are 
not familiar 
C because you can see 
more water particles,  
 
Sub-microscopic No concept (D has more 
water molecules than , 
and this may indicate that 
the structure of the water 
molecule is not known) 
as basicity is being 
attributed to the presence 
of water 
Not used to chemical 
diagrams 
A as water molecules are 
omitted,  
Macroscopic No concept (there two 
water molecules in A, the 
structure of water is 
probably not known in 
this case) 
Chemical Diagrams not 
understood 
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On the other hand, those who responded wrongly had their justifications linked to the 
presents of chloride ions in solution, as a result some learners went for the diagrams (A and 
C) where they could see chloride atoms whether they were bonded or not. Those who chose 
option B did not mention the presents of OH- ions although they were present but being 
neutralised by the acid (H3O+) in the solution. In addition, although those who chose option B 
did realise that chloride ions are not responsible for basicity, they failed to identify the 
hydroxide ions in that solution, instead they concentrated on other issues such as the space 
between the water molecules. They attributed basic properties of a solution to the presents 
and closeness of water molecules.  
The finding that emerged out of task no.3 is three folded; firstly, learners do not understand 
what determines basicity of a solution, secondly, learners appear to have been influenced by 
their responses to question no. 2 thereby raising the suspicion that they did not know the 
difference between an acid and a base, and thirdly, learners showed evidence that teachers are 
not using sub-microscopic diagrams in teaching and assessing chemical concepts and if they 
do use them, explanations are not well understood by learners. 
Table 4.26: Analysis of task 4 (Q 4)  
Key: The letter in BOLD print is the correct response 
Q 4 A B C D E None 
No. of learners 
who responded 
6 27 6 6 7 3 
Percentage (%) 10.9% 49.1% 10.9% 10.9% 12.7% 5.5% 
Task Q 4 required learners to identify with reason the scheme which represented an aqueous 
solution of the same substance with the greatest concentration.  In other words, learners had 
to select the most concentrated solution from five sub-microscopic representational models of 
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aqueous solutions of the same substance. In addition, learners were expected to be familiar 
with the chemical concepts of solution and concentration in order to solve this task.  In line 
with Bloom’s Taxonomy, the task is categorised into the application cognitive level as it 
required learners to apply their knowledge about solution and concentration chemistry. In 
order to be successful in solving this task learners had to consider two aspects: the number of 
the solute particles, and the volume in which they existed. The task was chosen because the 
concept involved is included in the current grade 10 physical science curriculum, and it 
provided the researcher with the opportunity to gain insights into learners’ reasoning about 
basic chemical phenomena at sub-microscopic level. In addition, the task is a typical 
macroscopic-sub-microscopic question as it required learners to make transitions between the 
macroscopic (dissolution of a solute into a solvent of a particular volume) and the sub-
microscopic (number of particles) levels. 
Table 20 above shows that 89.1% of the learners did not get the correct answer. The majority 
chose option B which contains the highest number of particles, hence their choice. They 
neglected the concept of volume, suggesting that learners did not know that the concept of 
concentration is based on how many particles are in a unit volume (mol.dm-3). Some of those 
who chose the correct option D only looked at how close the particle were to each other, 
again neglecting the concept of number of particle per unit volume (concentration). Of the 6 
learners (10.9%) only one gave a somewhat correct answer. The justification he or she gave 
was, “It has a small amount of substance and more particles”. Although the idea is not very 
clear, at least the learner took notice of the differences in amounts of the solutions, thereby 
bringing out the idea of particles per unit volume. The rest (5 learners) got the correct answer 
for the wrong reason. They concentrated more on closeness of the particles to each in order to 
arrive at the answer (option D). 
Here are some of the wrong reasons given to support correct responses in detail: 
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Table 4.27: Justification Analysis (wrong reasons for correct response) for Task Q 4 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
D because it has a small 
amount of substance and 
more particles,  
Macro-sub-microscopic Concept present but not 
clearly described (volume 
was referred to as small 
amount of substance 
instead of solvent 
Chemical language 
(terminology lacking) 
D as the molecules have 
little space between them,  
Macro-sub-microscopic Concept present but not 
clearly described (only 
the packing was 
considered but volume 
was ignored). The same 
reasoning would also 
apply to option B 
Solution chemistry 
language (mathematical 
aspect of the concept) 
D as it is of the same 
substance and has the 
greatest concentration 
even if the water is half 
and it becomes full the 
concentration will be the 
greatest of them all, 
Macroscopic Concept present but not 
clearly described (only 
volume was considered 
and number of particles 
ignored) 
Chemical language 
(mathematical expression 
of concentration and 
English language 
confused the whole idea 
And D as it has a low 
density of water but quite 
a large number of atoms. 
Macroscopic-sub-
microscopic 
Volume was taken as 
Density and that distorted 
the meaning 
Chemical Language 
(mathematical expression 
of concentration) 
D since the substance can 
attach greatest 
concentration quickly, 
Macroscopic No concept The language of solution 
chemistry not understood 
(mathematical aspect) 
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D as all are the same and 
they are with the greatest 
concentration and water 
molecules are 
represented, 
Macroscopic No concept The language of solution 
chemistry not understood 
(mathematical aspect) 
D as the substances are 
having a very good 
pattern of being packed 
Macroscopic Looks at arrangement of 
particles only (number of 
particles and volume not 
considered) 
Chemical Language 
(mathematical aspect of 
concentration) 
 
The first two justifications given above are the only one nearest to what the question required. 
The rest of the justifications seemed to be out of line with what was expected. Learners were 
expected to relate number of particles to the volume in which they were found (concept of 
concentration). Although the first two justification given above made reference to more 
particles and little space between them, no reference to volume in which those particles were 
existing was made. This implies that those who managed the task only did so through 
guessing or they had the correct reasoning but failed to find the appropriate language to 
express their ideas clearly.  
Analysis of the justifications given to justify wrong answers is given below: 
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Table 4.28: Justification Analysis (wrong reasons for wrong response) for Task Q 4 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
B as it has the greatest 
particle inside and its 
level is high,  
Macro-sub-microscopic Only number of particles 
was considered (the effect 
of high level volume not 
known) 
Mathematical aspect of 
concentration 
B because water is mixed 
with oxygen,  
Macroscopic No concept Chemical language 
B has more hydrogen 
elements than other 
substances,  
Macroscopic No concept Chemical Language 
C as it has 3 atoms and if 
the low concentration is 
on 3 then the higher the 
concentration should 
double the lower one,  
Macroscopic No concept English and the 
mathematical aspect of 
concentration) 
B as 3 particles are on 
the same base, 
Macroscopic No concept Chemical language 
C because molecules are 
not packed they are 
flowing,  
Macro-sub-microscopic No concept Chemical language 
C as the concentration is 
the greatest substance 
that represent an aqueous 
Macroscopic  No concept Chemical language 
140 
 
solution,  
B since it has lot of water 
and the solution is 
balanced,   
Macroscopic No concept Chemical language and 
English 
C because chloride ions 
are away,  
Macroscopic No concept Not used to chemical 
diagrams 
A because concentration 
is the greatest, 
Macroscopic No concept Not used to chemical 
diagrams 
E because water is low 
and the elements are few 
because they have 
experience the greatest 
concentration,  
Macroscopic Volume was considered 
but the opposite is true 
about the number of 
particles 
Chemical language 
(Mathematical aspect of 
concentration) 
 
E because water 
molecules look like they 
are on a same level and 
they look accurate, E 
because substances are in 
the same greatest line, 
 
Macroscopic 
 
No concept 
 
Chemical Language 
B as it has the same 
substance with the 
greatest concentration,  
Macroscopic No concept Chemical Language 
B because particles can 
move freely and they are 
in a liquid condition,  
Macroscopic No concept Chemical language 
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A as particles are far 
apart,  
Macroscopic No concept Chemical language 
A,  I guessed Macroscopic No concept Chemical language 
B as there is no other 
solution,  
Macroscopic No concept Chemical language 
E because water 
molecules are in 
Macroscopic No concept Chemical language 
C because it has high 
diffusion and it has 
greatest concentration 
which means the water 
has been hydrolysed, 
Macroscopic  No concept Chemical language 
B since it is balanced and 
has the right level of 
molecules, 
Macroscopic No concept Chemical Terminology 
and English to describe 
phenomena 
B because particles seem 
to be moving around,  ` 
Macroscopic No concept ( learner 
thought that movement of 
particles determines 
concentration ) 
Not used to chemical 
diagrams 
Concentration and the 
substances won’t be that 
visible, 
Macroscopic No concept Chemical language 
B because they are made 
up of same 
particles/atoms and have 
a greatest concentration 
level,  
Macroscopic No concept Chemical language 
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B as it has the highest 
water molecules than 
others,  
Macroscopic No concept (larger 
volume entail higher 
concentration) 
Chemical language 
E  as the water molecule 
is clarity 
Macroscopic No concept Chemical language 
 
The majority (49, 1%) of the learners who got the wrong responses chose option B. The 
justification they gave showed that they took notice of the largest number of particles but 
failed to involve the volume in which the particles were found, indicating that the concept of 
volume is not always apparent to students.  It emerged that only 2 out of 55 learners has had a 
slight idea about what the task required. Five (5) learners did not attempt the question at all. 
A closer analysis shows that 53 learners (96, 4%) did not have the concept of concentration in 
science vocabulary and this is a worrisome finding.  Some of the reasons that the learners 
gave were so much divorced from scientific thinking, indicating that the concept of 
concentration is not given much attention by teachers during instruction. Through this finding 
it also became clear that sub-microscopic representational models are not being used in 
teaching, learning and assessment of chemical concepts; hence learners failed to interpret the 
question and ended up guessing. In fact one learner chose option A and gave “guessing” as 
the justification. 
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Table 4.29: Analysis of task 5 (Q 5)  
Key: The letter in BOLD print is the correct response 
Q 5 A B C D E None 
No. of learners who 
responded 
7 2 5 15 26 0 
Percentage (%) 12.7% 3.6% 9.1% 27.3% 47.3% 0 
 
The task required learners to identify with reason, the scheme that represented an aqueous 
solution of sodium chloride and had the highest degree of difficulty when compared with the 
other four tasks. The learners had to select out of five options the one depicting the 
appropriate arrangement of particles in an aqueous solution of sodium chloride. Water 
molecules were omitted for clarity purposes. It was assumed in this task that learners knew 
that sodium chloride dissolves well in water; in addition, it is an ionic compound that 
dissolves to give rise to an ionic solution. Learners had to justify their selection. To be able to 
solve this problem, learners had to be familiar with the following chemical concepts: ion, 
ionic compound, and aqueous solution of ionic compounds. According to Bloom’s 
Taxonomy, the task falls into the application cognitive level as learners had to select the 
suitable sub-microscopic representational model on the basis of their knowledge about 
aqueous solutions of ionic compounds.  
Only 5 (9.1%) learners got the correct option C and just two out of the 5 had the correct 
reasoning. They were able to realise that sodium ions must be separated from chloride ions 
and that the number of sodium ions had to be equal to the number of chloride ions. Three of 
the 5 learners just managed to get the correct option, but with wrong reasoning. Those who 
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chose option B appeared to be reasoning in line with those for option C, but they forgot to 
equate the number of chloride ions to number of sodium ions. Those who chose option A 
appear to have completely misunderstood the concept of ionisation of an ionic compound in 
water as they did not take into consideration that oppositely charged ions separate from each 
other in water. 
The majority of the learners (41 out of 55) chose either option D or option E. Option D (27, 
3%) shows a non-existent combination (ratio 1: 2) of sodium chloride whereas option E 
shows the correct combination  (ratio 1: 1) of sodium chloride compound. Again learners 
appear to have completely misunderstood the concept of ionisation (behaviour of ions in 
solution). They did not look for the separation of ions in water. 
Some of the 9, 1% learners who managed to solve the task had wrong reasoning. The 
analyses of some of the wrong justifications for correct response for question no. 5 are listed 
below: 
Table 4.30: Justification Analysis (wrong reasons for correct response) for Task Q 5 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
The aqueous sodium 
chloride omitted on 
clarity 
Macroscopic No concept (guess) Did no understand the 
question 
Because the molecules 
are packed well, 
Macro-sub-microscopic No concept (guess) Chemical Language 
Particles of chloride and 
of sodium are separated 
(equal numbers not 
Sub-microscopic Has some idea but did not 
mention equal numbers 
Chemical Language 
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mentioned). 
 
As can be concluded after examining the above mentioned justifications, the way the learners 
reasoned does not support their choices, thus indicating some element of guessing among 
students in this study. Some considered sodium chloride as a molecule whereas some 
considered it as an ionic compound. However, those who viewed it as a molecule found it 
difficult to move from the sub-microscopic level (molecular particles) to macroscopic level 
(dissolution). Those who viewed it as an ionic compound were able to move between 
macroscopic and sub-microscopic levels, but failed to equate the number of chloride ions to 
number of sodium ions, indicating difficulty in connecting these two levels to the symbolic 
level (NaCl(s)→ Na(aq) +  Cl- (aq)). As a result they did not have the correct reasoning. 
Majority of learners chose the wrong options D (27, 3%) and E (47, 3%) and below are some 
of the reasons learners gave to justify their wrong selections: 
Table 4.31: Justification Analysis (wrong reasons for wrong response) for Task Q 5 
Justifications Chemical Thinking 
Level 
Chemical Knowledge Language Barrier 
Problems 
Chemical or English 
Language 
A, because the chloride 
ion is bigger than the 
sodium ion. 
Macroscopic No concept (A is not seen 
as a mixture of sodium 
ions and chlorine 
molecules) 
Chemical language (no 
bonding was considered) 
E because it has the same 
atoms and being close to 
each other, 
Macroscopic No concept (dissolution is 
taken as coming together 
of particles forming a 
Chemical Language 
(symbolic and sub-
microscopic 
representation not 
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compound) understood) 
E as it is in one state Macroscopic No concept (particles in 
A were taken to be in the 
same state) and 
dissolution was confused 
with same state. 
Chemical Language -Not 
used to sub-microscopic 
representations (chemical 
diagrams were not 
understood) 
E as sodium chloride 
dissolves to water clarity 
and also chemically 
joined,  
Macro-sub-microscopic No concept (dissolution 
of sodium chloride was 
considered from an 
additive point of view; 
hence no separation of 
ions) 
Chemical language  (use 
of the term ‘water 
molecules were omitted 
for clarity’ was not 
understood) 
E because chloride and 
sodium ion are 
chemically joined 
together, 
Macroscopic No concept (with sodium 
chloride-water interaction 
not known) 
Chemical diagrams were 
not understood (symbolic 
level seems to be the 
method used during 
instruction) 
E as there are two 
elements,  
Macroscopic No concept as sodium 
chloride is still seen as 
elements and not a 
compound 
Chemical language 
E because molecules are 
bonded together,  
Macroscopic No concept as sodium 
chloride was taken as a 
molecule  
Chemical language (Ionic 
bonding not understood) 
E because the molecule 
consists of one sodium 
atom and one chlorine 
atom and also because it 
is a compound and atoms 
are joined together and 
NaCl is a compound 
containing one chlorine 
atom and one sodium 
atom  
Macro-sub-microscopic-
symbolic 
No concept (sodium 
chloride was taken to be a 
molecular compound) 
Ionic bonding not 
understood (symbolic 
level ) 
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A because sodium 
chloride is a solid and the 
particles of scheme A are 
closely packed  
Macroscopic No concept(cannot move 
from the macroscopic to 
sub-microscopic levels), 
Chemical language 
(symbolic equations not 
understood) 
A since it contains more 
sodium ions  
Sub-microscopic No concept (there are no 
chloride ions in A) 
Chemical Language 
where symbolic level was 
used 
E as there are two atoms 
that are closely packed 
and the molecules are not 
far apart, 
Macroscopic No concept (particles in 
sodium chloride 
compound are not seen as 
ions) 
Symbolic language not 
understood 
E because chloride ion 
and sodium ion forms one 
solution and the elements 
are closer to each other,  
Macro-sub-microscopic Some idea present (but 
fails to reason at particle 
level) 
Chemical 
language(solution 
chemistry) 
E as the number of 
substances are the same,  
Macroscopic No concept (dissolution 
not considered) 
Chemical Language 
E since sodium chloride 
only have 1 chloride ion 
and 1 sodium ion,  
Sub-microscopic Concept of ions known 
(concept of ions in 
solution not known) 
Chemical language 
E because atoms are 
mixed together,  
Macroscopic No concept of ions (only 
sees a mixture of sodium 
chloride particles and 
water) 
Chemical language 
E since it has a solution 
of sodium chloride and it 
shows by the element,   
Macroscopic No concept (sodium 
chloride compound was 
taken as an element) 
Chemical language 
D as sodium chloride will 
have two chloride ions 
Macro-sub-microscopic No concept (valencies of 
sodium and chlorine  and 
Lacks chemical bonding 
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and one sodium  chemical bonding not 
known), 
language using symbols 
D because of the 
chemical formulae (using 
symbolic level to explain 
sub-microscopic level),  
Macro-symbolic No concept Uses symbolic language 
and ignores the sub-
microscopic aspect) 
D as sodium chloride 
consists of chlorine 
particles are equal to 
sodium particles,  
Macroscopic No concept (but the 
concept of constant 
composition is not 
known) 
Chemical language 
(chlorine=chloride and 
sodium ion=sodium) 
D as it has more table 
salt had been used 
whereby water is limited,  
Macroscopic No concept Cannot use the other two 
aspects of chemical 
language 
D and I guessed because 
I like letter D, 
Macroscopic No concept (guess) Not used to chemical 
diagrams 
D as some of the water 
has evaporated and those 
atoms are chemically 
joined,  
Macroscopic No concept (concept of 
solution not understood) 
Cannot use other aspects 
of chemical language 
D since they are 
chemically joined 
together to form sodium 
chloride as a group,  
Macroscopic No concept (Bonding 
between sodium and 
chlorine not known) 
Lack of chemical bonding 
language 
D since atoms are 
chemically joined to form 
molecules do we all know 
salt is presented in NaCl 
(from sub-microscopic 
level to symbolic level), 
Macro-Sub-micro-
symbolic 
No concept (a solution of 
sodium chloride is 
thought to have 
molecules of sodium 
chloride) 
But find it difficult to 
connect three levels of 
chemical communication 
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B as they are chemically 
joined,  
Macroscopic No concept (dissolution 
not known) 
Cannot connect to other 
levels 
A because it is made up 
of chloride ion and 
sodium ion particles to 
give a sodium chloride 
solution and are 
chemically combined 
(cannot connect the sub-
microscopic level to the 
macroscopic level),  
Macro-sub-microscopic No concept (A contains 
sodium ions and chlorine 
molecules) and difference 
between ions and a 
molecules is not known) 
Chemical language 
(Concept not understood 
because of chemical 
representations used 
during instruction). 
B as there are sodium ion 
in the atom (sodium 
chloride was considered 
as an atom) 
Macroscopic Some idea present ( but 
law of conservation of 
mass not observed) 
Chemical language 
(chemical equations not 
understood) 
 
Analysis of the justifications of those who chose option D (27, 3%) revealed two aspects: 
first, learners were not familiar with the bonding between sodium and chlorine. Sodium was 
taken to be a group (II) element, and second, learners did not know the behaviour of an ionic 
compound in an aqueous solution. Because of this learners found it difficult to move between 
or connect the three levels of chemical communication. They remained stuck in macroscopic 
level (non-dissolution of compound) and could not translate to other two levels, sub-
microscopic (separated particles in solution) level and symbolic (Na+(g) +  Cl+(g)→ NaCl(s)). 
One learner said, “D is the answer and I guessed because I like letter D”. This indicates the 
nature of difficulty of moving between the three levels through which chemical concepts are 
conceptualised. 
On the other hand, those who selected option E (47, 3%), knew the ratio (1: 2) in which 
sodium and chlorine combined to form sodium chloride. However, they failed to realise that 
sodium chloride is an ionic compound and would dissociate completely in water. Unlike 
those who chose option D, these learners remained stuck in the symbolic level (Na+(g) +  
Cl+(g)→ NaCl(s)) and could not make transitions between this level and the macroscopic 
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(dissolution) and sub-microscopic (separated particles in aqueous solution) levels. As a result, 
they were unable to solve the problem.  
Those who chose option B (3, 6%) could only move between the macroscopic level 
(dissolution) and sub-microscopic level (separated particles in aqueous solution). They could 
not connect these two levels to the symbolic level ((Na+(g) +  Cl+(g)→ NaCl(s)) as they could 
not equate the number of chloride ions to that of the sodium ions. Those who chose option A 
(12, 7%) could not move along any of the three levels. They remained stuck in pictorial 
representations which they could not understand. As a result, they resorted to just selecting 
(guessing) a diagram for the sake of it. 
With respect to question no. 5 of the TBCK it can therefore be concluded that learners find it 
difficult to make connections or transitions between the macroscopic, sub-microscopic and 
symbolic worlds. It also be concluded that the concepts of ions, ionic bonding and ionisation 
of an ionic compounds in aqueous solutions are not always apparent to grade 10 physical 
science students. 
There is no doubt that grade 12 physical science learners write national certificate 
examinations within a background of chemistry misconceptions in concepts such as 
concentration. It therefore seems that they sit for national certificate examinations without 
having mastered concepts that require them to think at the particulate level, hence the need to 
investigate the root cause (grade 10 learners) where the damage is thought to be made.  
4.2 Summary of Data Presentation 
Data from the 55 (20%) learners were used as a summary as it provided an in-depth analysis 
of the results. The TBCK task analysis was carried out using the scripts of the 55 learners 
who were randomly selected from the six schools which participated in the study. The study 
sample was 280 participants from six intact classes. The summary is presented in the form of 
a table, a graph and a narrative description of the results. 
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Table 4.32: TBCK average score analysis for 55 learners 
Summary  (n=55) 
Task Number Q 1.1 Q 1.2 Q 1.3  Q 1.4 Q 1.5 2 3 4 5 
% Pass Rate 85.5 56.4 60.0 50.9 70.9 54.5 36.4 10.9 9.1 
 
Figure 4.6: TBCK average score analysis for 55 learners 
 
As can be seen from the above table and graph, there were no major differences between this 
(n=55) analysis and the main (n=280) analysis. This came as no surprise as the 55 learner 
sub-sample was part of the main sample; hence the two graphs look like mirror images with 
very slight differences. The sample (n=280) average graph in Figure 4.7: Sample Average 
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TBCK score analysis per question for all schools is shown below. It compares well with the 
sub-sample (n=55) above. 
Figure 4.7: Sample Average TBCK score analysis per question for all schools (n=280) 
 
Comparison of graphs Figure 4.6: TBCK average score analysis for 55 learners and Figure 
4.7: Sample Average TBCK score analysis per question for all schools reveals same findings 
as the graph patterns are the same. From the two graphs, it can be concluded that majority of 
learners were able to solve task item Q 1.1, showing 86% and 85%, respectively. The 
justification scores were also very similar, 48% and 49%, respectively. Similar problems 
experienced by learners, is evident from Q 1.2 to Q 1.4, indicating a common problem in the 
schools in the population from which the sample was drawn. Like in the main sample, the 
justification scores in the sub-sample were also lower than the multiple choice scores, 
indicating lack of understanding by many learners. Although there was a noticeable 
difference with respect to learners’ performance in Q 1.5 as shown in graphs 11 and 12, the 
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pattern shown was actually the same; both graphs show high levels of achievement both for 
the multiple choice task and the justification thereof.  
Both graphs show dwindling levels of achievement with respect to questions Q 2, Q 3, Q 4 
and Q 5. Similar scores for Q’s 2, 3 and 5 can be seen from the two graphs.  Task Q 5 was the 
least performed with percentage pass rates of 9% (n=55) and 10% (n=280). What can be 
concluded from the two graphs is that learners find it easy to switch between macroscopic 
level and sub-microscopic level with respect to tasks Q 1.1 and Q 1.5, indicating mastery of 
the concepts of pure elements and kinetic molecular theory of matter, respectively. On the 
other hand, it can also be concluded those concepts: diatomic, elements, mixtures, and 
compounds are not always clear to learners as they experienced enormous difficulties when 
they tried to identify sub-microscopic representations that them to apply their knowledge of 
the tested concepts. Learners also showed lack of understanding as the majority of them 
could not give appropriate justifications for their choices. 
The chemical concepts involving solution chemistry proved to be very difficult to majority of 
learners, indicating lack of understanding of the chemical concepts of aqueous solutions of 
strong acids and bases and concentration chemistry. Making transitions between macroscopic 
and sub-microscopic worlds when dealing with such chemical concepts was a daunting task 
for many students. 
4.3 Focus group discussions (FGD) 
Focus group discussions (FGD) with 20% of the participants per every school were carried 
out, recorded (field notes) and analysed.  This was done in order to have deeper insights into 
the way they learn the chemical concepts tested such as pure elements, compounds, 
molecules, mixtures (of elements and compounds/mono-atomic and diatomic elements), 
concentration and solutions of acids and bases. FGDs were also used to seek suggestions on 
how the learners thought they should be taught. Meaning was given and categorised to 
establish patterns.  
What emerged from the FGDs has far reaching implications to the teaching and learning of 
chemical concepts over the entire matric physical science courses. All FGDs concurred on the 
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following: that they had seen such pictorial diagrams (sub-microscopic representations) in 
textbooks but teachers were not explaining them; they normally see unexplained sub-
microscopic diagrams in some class works and examinations but find them difficult to 
interpret as most of their teachers prefer symbols to pictorial diagrams; use of pictorial 
diagrams gives a broader picture about the question and the concept itself. One learner said 
“Diagrams remind and you will have a bigger picture of the question”; teachers demonstrate 
Brownian motion experiments and because of that they understand that particles of matter are 
always in constant motion. This is probably why the majority of the participants got the 
correct responses to tasks Q 1.1 and Q 1.5, they could make connections between what they 
see (macroscopic) and what they cannot see (sub-microscopic particle), hence the majority of 
them could identify the solid state (Q 1.5); this way of learning (using pictorial diagrams) 
made a big difference from the way they were taught and assessed in the same concepts. “We 
were given descriptions only last year, I did not know that these diagrams make a lot of 
sense” another learner explained; giving justifications to multiple choice questions was new 
to them but some pointed that it enhances thinking and understanding. One learner actually 
said, “Giving reasons (justifications) will make you think out of the box”.  It was very evident 
that participants liked this way of learning. One excited learner said, “This is a simplification 
of the complex and one becomes open-minded. The diagrams were related to real particles 
and I love it”.  Participants suggested use of descriptions, diagrams, television and video 
lessons, more experiments in the laboratory and internet animations (a multiple representation 
approach).  
All participants in the FGDs except one suggested that teachers should use more experiments 
than diagrams and symbols. When asked why they wanted experiments and diagrams to be 
used learners exclaimed, “It is exciting! Even at home cooking is exciting as it is sort of an 
experiment! Seeing is believing! It makes science interesting! We want to mix chemicals! You 
can then explain using diagrams! Diagrams later! You can’t start with diagrams of things we 
have not seen! Diagrams simplify things!” The odd one out participant opted for more 
diagrams than experiments arguing that experiments waste a lot of time. What also emerged 
from the FGDs is that more teachers prefer symbols of formulae and chemical equations to 
pictorial diagrams and very few experiments are carried out. This is in line with Devetak, 
Urbancic, Wissiak Grm, Krnel, & Glaser, (2004) and Sirhan (2007). “Labs must be improved 
so that we can carry out experiments. We visit the lab once per the term. We are asked to 
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copy chemical equations and experiments from the text books” one learner added. 
Apparently, this learner came from one of the two bottom (low performing) schools. Indeed, 
experiments generate or stimulate interest and this should motivate students to learn 
chemistry, especially to novice learners as they still want concepts at their concrete stage. 
Experiments constitute the macroscopic level which is real, tangible and visible and help 
students build correct mental models if explained at the sub-microscopic level. It appeared 
that students’ needs are not being considered by teachers in most schools, as use of the 
symbolic level seems to be the common practice. Teachers are therefore not helping students 
negotiate connections between the three levels of chemical thinking; they are unable to make 
learners realise their full potential. 
The FGDs revealed the way learners are being taught chemical concepts (they are made to 
memorise experiments and chemical equations) and this seems to suggest the reason why 
most learners could not come up with correct justifications even if they managed to get the 
correct response in some cases. The symbolic level is the most difficult level, especially, 
without proper understanding of the sub-microscopic level (Devetak, Vogrinc, & Glažar, 
2009). It appeared that teachers seem to be not aware of the need to employ the use of the 
chemistry triangle thinking model when teaching and assessing chemical concepts. 
4.4 Teacher interviews 
Interviews (question and answer) with the teachers were recorded in form of field notes and 
analysed. Interview schedule comprised questions designed in line with the learners’ Focus 
group discussions (FGD) guide which had been designed in line with the facets of the 
conceptual framework (chemistry triangle model). This was done in order to align the 
interview guide questions with Research question No. 3: Why do grade 10 physical science 
learners reason the way they do about basic chemical phenomena using sub-microscopic 
representational models?. Interviews with teachers were carried out in order to establish some 
of the ways (pedagogical content knowledge) the teachers use to teach and assess learners in 
the concepts tested in the TBCK. Field notes from the interviews were analysed, categorised 
and meaning in line with the conceptual framework was also given to establish patterns of 
some of the ways or strategies used by teachers who taught the participants.   
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Three of the teachers needed for interviews declined not to be interviewed. This appeared to 
indicate that they were either not confident in the usage of pictorial diagrams (sub-
microscopic representations) or they lacked content knowledge in the area tested. Two of 
them came from the bottom two (low performing) schools and the third one came from one of 
the middle two (middle performing) schools.  Only three out of six teachers were willing to 
be interviewed.  
Nevertheless, the three who were interviewed did not want to elaborate much. The three 
concurred in the following: that the concepts tested were not easy to teach citing contextual 
factors such as too many learners (an average of 55-60 per class); types of learners, one of the 
teachers actually said, “Our learners need to be pushed as they are not interested in finding 
out more information. Some of the learners that we get are not physical science material; 
they are forced by their parents to do the subject. Unfortunately, the department does not 
want us to discriminate against learners as far as the choice of subjects is concerned”; that 
the concept of matter is too broad and it is easy to be confused by the concepts; that the 
system of education did not allocate enough time to the area of matter and chemistry in 
general; that the textbooks they are using are also using sub-microscopic representations and 
that these books stress the understanding of concepts. In addition, another teacher said, 
“Because we teach for examinations and questions of this nature are not set at all. We just 
don’t have the time, we don’t teach for understanding. The new CAPS curriculum has a lot to 
be done and I repeat we don’t have the time”. This seems to suggest the reason why teachers 
make use of only the symbolic level (confirmed in document analysis) at the expense of the 
other two levels.  
Teachers also said that there is not enough time for practical experiments (macroscopic level) 
as there is too much to be done and more content to be covered. In support of this, one 
teacher actually said, “We can’t even do the required SBA task experiments on time; we end 
up carrying out demonstrations, instead”.  This point raised by the teacher seems to confirm 
their usage of the symbolic level, neglecting the other two; hence the way (symbolic level 
reasoning) learners reasoned about basic chemical concepts. 
All the interviewed teachers agreed that the concepts tested in the TBCK were the core of 
chemistry and that this method of teaching and assessing learners (using sub-microscopic 
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representations) is more advantageous and helps learners to think at deeper levels  and to 
understand the concepts. When asked why they were not using this approach, one teacher 
said, “This is time consuming and we have a lot to cover mind you and our classes are too 
large. We spend more time trying to instil discipline into them. Actually some of these 
learners are not the physical science material”. Analysis of this last statement revealed the 
reason why teachers teach the way they do (predominantly symbolic approach) to save on 
time and why learners reason the way they do (predominantly rote learning using symbols) to 
pass exams. Teachers teach for examinations, leaving learners with very little choice; 
mastering of learned rules without understanding the concepts involved. 
4.5 Document Analysis 
Class work, homework and note books were carefully examined to establish some of the 
ways that had been used to teach and learn the concepts tested in the TBCK. This was done in 
line with whether the concepts had been taught using the tree levels (macroscopic, sub-
microscopic and symbolic) in which chemistry is portrayed. Patterns established from 
document analysis were categorised in line with the conceptual framework (chemistry 
triangle model) as spelt out in Chapter 2 under the conceptual framework (Section 2.6).   
It was evident from document analysis that teachers were using the symbolic level as their 
main means of communicating basic chemical phenomena to learners. Only symbols, 
chemical formulae and chemical equations were visible in the learners’ classwork, homework 
and note books. Very few experiments (only SBA tasks) were indicated in the learners’ 
portfolio task files. Indeed as had emerged from the FGDs, learners had been made to copy 
unexplained chemical equations and demonstration experiments. The conclusion from this 
document analysis is that; teachers are not using sub-microscopic representations (or multiple 
representations approach) to help students negotiate the connections between the three levels 
in which chemistry is conceptualised, learners are being subjected to rote learning (use of 
chemical formulae and chemical equations) and as a result they exhibit very little 
understanding of basic chemical concepts. 
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4.6 Summary of results 
The results of the study revealed low achievement levels by learners when they reason about 
basic chemical phenomena at particle level using sub-microscopic representations. It is also 
very clear that making connections between the three levels of chemical thinking 
(macroscopic, sub-microscopic and symbolic) is not always apparent to grade 10 physical 
science learners. Grade 10 learners find it more difficult to answer questions demanding 
transitions between the three chemical levels of thinking.  The results are also clear evidence 
that learners reason the way they do (mainly guessing) because they are not exposed to 
chemical learning that requires them to operate at the three levels of chemistry 
conceptualisation. Teachers indicated that they do not put much emphasis on teaching 
methods that make use of sub-microscopic representational models, and this seems to 
confirm how and why the learners reason the way they do. 
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CHAPTER 5 
Discussions, Summary and Recommendations 
This section gives the discussions and a summary of the research findings with respect to the 
research questions of the study and how each of the four instruments used attempted to 
answer these questions. Recommendations and implication for chemistry education as well as 
the conclusion to the study are also presented. In the discussions, references to how some 
respondents responded to questions in the TBCK (n=55); questions Q 1.2, Q 1.3, Q 1.4, Q 2, 
Q 3, Q 4 and Q 5 are made. An in depth analysis of these questions and their justifications 
was carried out using 55 respondents whose scripts were randomly sampled from the total 
sample of 280 respondents. These questions posed challenges to the respondents. Questions 
Q1.1 and Q 1.5 were deliberately left out as respondents did exceptionally well in them. 
However, a general overview of how respondents responded to Q 1.1 and Q 1.5 is given. 
5.1 Discussions 
Based on the results obtained, it can be concluded that grade 10 physical science learners are 
unable to distinguish between atoms, elements, molecules (diatomic molecules) and 
compounds. 52% of the (280 participants) learners could not identify a pure compound and as 
already been mentioned, the majority of the learners appear to have mastered the concept of 
the kinetic theory of matter and as a result they were able to determine the state of matter 
(macroscopic level) from pictorial diagrams (sub-microscopic level) as required by Q 1.5 of 
the TBCK, but it became increasingly challenging for learners concerning questions 
demanding higher cognitive levels of thinking.  The same trend was revealed with the n=55 
sub-sample which was analysed in detail in Chapter 4. Learners were unable to display 
consistent reasoning about the particulate nature of matter and this is supported by Onwu and 
Randall, (2006). For example, distinguishing between pure compounds and mixtures of 
compounds, and between a compound and mixture of mono-atomic and diatomic elements 
presented a major challenge to learners. Some learners took a pure compound for a mixture 
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because they saw different kinds of atoms but ignored the fact that these atoms were bonded 
together.   
Task Q 1.2 which required learners to identify a diagram that represented a pure compound 
had a 44.6% (26 out of 55 respondents) failure rate. These respondents were unable to solve 
the problem.  For example, Figure 5.1: Response to question Q 1, 2 of the TBCK below, 
shows how more difficult the concepts became and the respondent chose option C instead of 
option D. This is a clear indication that many respondents did not know the difference 
between simple molecular elements (diatomic molecules) and compounds. They confused a 
diatomic molecule with a compound. 
Figure 5.1: Response to question Q 1, 2 of the TBCK 
 
 
 
Figure 5.1: Figure 5.1: Response to question Q 1, 2 of the TBCK illustrates the point that the 
respondent did not have the correct understanding of the concept of elements; hence he/she 
was unable to make transitions across the three levels, namely, macroscopic (purity), sub-
161 
 
microscopic (same particles of compound) and the symbolic (chemical diagram). A similar 
observation was made by Onwu and Randall (2006) when 40% of their student teachers were 
unable to distinguish elements from compounds. 
Another example showing how basic chemical concepts became more difficult is shown in 
Figure 5.2: Response to question Q 1.3 of the TBCK.  Forty (40%) percent (22 out of 55) of 
the respondents were unable to identify a diagram that depicted a mixture of elements. This 
entails that they were unable to make connections between the macroscopic (mixture), sub-
microscopic (particles of the elements) and the symbolic (chemical diagrams) levels. 
Figure 5.2: Response to question Q 1.3 of the TBCK 
 
 
 
Figure 5.2: Response to question Q 1.3 of the TBCK illustrates that the respondent did not 
know the difference between elements and compounds. In this example, one can assume that 
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the respondent noticed the difference in sizes of the atoms that made up the compound but 
was not knowledgeable about chemical bonding that existed between them.  Unlike in Onwu 
and Randall (2006), the respondents (40%) to Q 1.3 of the TBCK were not able to identify a 
mixture of elements. This observation may have been due to the fact that the TBCK used a 
mixture of a mono-atomic and diatomic elements and this tended to confuse the respondents; 
hence the conclusion that they did not know difference between mono-atomic and diatomic 
elements. It therefore, can be concluded that making connections between the three levels of 
chemical conceptualisation that is, macroscopic (mixture of elements), sub-microscopic 
(chemical bonds between particles) and symbolic (chemical diagram) was problematic. 
Furthermore, question Q 1.4 revealed that 49.1% (27 out of 55) of the respondents had no 
clear understanding of differences between elements and compounds as they chose either 
option C or D instead of option B. Figure 5.3: Response to question Q 1.4 of the TBCK 
shows that the respondent did not understand the difference between elements and 
compounds as elements in a compound were still taken as separate entities, chemical bonding 
not taken into consideration. This notion is strongly illustrated in the reasoning the 
respondent gave (the different compounds are combined even when they’re not the same). 
Onwu and Randall (2006), in their study about some aspects of students’ understanding of 
representational model of the particulate nature of matter in chemistry in three different 
countries also revealed that some (66-88%) of their respondents could not distinguish atoms 
from compounds. Their respondents (66-88%) thought that only atoms can be pure, seeing 
two different atoms chemically combined meant impurity.   
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Figure 5.3: Response to question Q 1.4 of the TBCK 
 
 
 
It therefore, can be concluded from Figure 5.3: Response to question Q 1.4 of the TBCK that 
many learners were not able to make transitions across the three levels, in which chemistry is 
conceptualised, namely, macroscopic (mixture of compounds), sub-microscopic (chemical 
bonding between particles) and symbolic (chemical diagrams); hence they were unable to 
solve the problem.  
Based on the above results and discussions (55 randomly sampled participants for task item 
analysis), it can also be concluded that grade 10 physical science learners are unable to 
distinguish between atoms, elements, molecules (diatomic elements) and compounds. 43.6% 
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of the 55 randomly selected participants could not identify a pure compound. It also became 
very clear that the majority of the learners appear to have mastered the concept of the kinetic 
theory of matter and this agrees with the findings from the overall TBCK scores analysis (280 
participants). Although the percentage failure rates 52% (n=280) and 43.6% (n=55) are 
different, the conclusions are the same since the 55 participants (20%) are included in the 
main sample of 280 participants. In addition, it can be concluded that learners were unable to 
mentally connect the macroscopic level to the sub-microscopic level. 
Majority of the 45.5% (21.8%) learners who did not get the correct response chose option D 
and had similar reasoning about the interaction of water and hydrochloric acid. Figure 5.4: 
Response to question 2 of the TBCK shows the way some of the above mentioned learners 
were using to get to the solution of the task.  Learners failed to move across the macroscopic 
level (water and the acid) and microscopic level (interaction of water and the acid) 
Figure 5.4: Response to question 2 of the TBCK 
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Furthermore, students do not seem to fully understand the difference between dissolution and 
chemical reactions that involve water. For example, learners did not realise that HCl reacts 
with water to give rise to hydronium (H3O+) and chloride (Cl-) ions.  Learners had to be 
familiar with the reaction that takes place between HCl and water to give rise to H3O+ and Cl- 
ions (HCl + H2O → H3O+(aq) + Cl-(aq)) and not just simply the H+ and Cl- ions. In many 
responses the hydronium ion (H3O+) was thought to represent the water (H2O) molecule. 
Unlike in Devetak I., Vogrinc, J., and Glazar, S. A., (2009), respondents were not familiar 
with the hydronium ion, instead they took it for water. Majority of the 54.5% (30 out of 55 
respondents) who managed to get the correct response had incomplete reasoning. 
Nevertheless, the proportion of respondents who chose the incorrect option D sub-
microscopic representation is still big (21.8%). These respondents did not know that 
hydrochloric acid is a strong acid that completely ionises in water to form hydronium ions 
and chloride ions. This is in line with Devetak, Lober, Jurisevic and Glazar (2009), whose 20-
26% of their pupils also chose the incorrect option D.  
Figure 5.4: Response to question 2 of the TBCK shows a clear indication that some learners, 
although they managed to identify the correct response, they were not sure about the 
interactions of water and hydrochloric acid. Learners thought that water does not take part in 
the process. Thus, those learners with the correct responses had very wrong justifications. 
This finding entails that learners found it difficult to translate one and/or two levels to the 
next; hence they failed to solve the task problem. 
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Figure 5.5: Response to question 2 of the TBCK 
 
 
 
 
 
Figure 5.5: Response to question 2 of the TBCK is testimony to the fact that learners could 
not connect well between the macroscopic level (water) to the sub-microscopic level (the 
reaction between the water and the hydrochloric acid). 
It also was evident that learners do not understand the nature of a basic solution indicating 
lack of chemical solution content knowledge; hence they could not connect the phenomena 
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(macroscopic world) to particles (sub-microscopic world). This was a comprehension task as 
learners had to be familiar with hydroxide ion; learners had to understand that a basic 
solution owes its characteristic to the presence of hydroxide ions. Most learners failed to 
identify the only sub-microscopic representation (pictorial diagram) that contained the 
hydroxide ions which nothing to neutralise them (option D), indicating a high level of 
difficulty when they tried to switch between the solution’s macroscopic (basicity) nature to 
its sub-microscopic (OH- ions in solution) nature. Those who chose option B (acidic as 
hydronium ions exceeded the hydroxide ions) did not realise the presence of hydronium ions, 
which implied that they too, were not familiar with the concepts of aqueous solutions of acids 
and bases as well as the tool (sub-microscopic representations) used to assess them. Those 
who chose option C as shown in Figure 5.6: Response to question 3 of the TBCK indicated 
that they thought that the presents of chlorine in a compound is a characteristic of a basic 
solution. This is further indication that learners were not familiar with properties of basic 
solutions at particle level. Knowledge about the OH- ions as the sole determinants of basic 
properties of solutions is therefore not always apparent to Grade 10 physical science learners.  
This is in line with Devetak, Vogrinc, and Glazar (2009)in their study when they assessed 16-
Year-Old Students’ Understanding of Aqueous Solution at Sub-microscopic Level and 
Devetak, Lober, Jurisevic and Glazar (2009) in their study about comparing Slovenian year 8 
and year 9 elementary school pupils’ knowledge of electrolyte chemistry and their intrinsic 
motivation. In their study, Devetak, Lober, Jurisevic and Glazar (2009), noticed that less than 
one quarter of their respondents knew that hydroxide ions cause the basic nature of aqueous 
solutions. 
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Figure 5.6: Response to question 3 of the TBCK  
 
Although learners scored an average of 36% in this task, only 2% were able to give correct 
justifications and this means they could not move easily from concepts represented in 
diagrams to written and verbal descriptions of the sub-microscopic representation. Devetak, 
Urbancic, Wissiak Grm, Krnel, & Glaser, (2004) made similar observations when they 
studied secondary school students’ chemical conceptions using sub-microscopic 
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representations as a tool for evaluation. This is also supported by Nakhleh (1992) in her study 
about high school students’ understanding of acid-base chemistry at particle level. 
Figure 5.7: Response to question 4 of the TBCK illustrates how difficult it was for 
respondents to get to the solution of the problem. The respondents (49.1%) making up 27 of 
the 55 chose option D.  It can, therefore, be concluded that the common reasoning among the 
49.1% is that they did not understand the distribution of solute particles in solution; hence 
they could not solve the problem. 
Figure 5.7: Response to question 4 of the TBCK  
 
 
 
As can be seen, in Figure 5.7: Response to question 4 of the TBCK it appears that, from the 
way they responded, learners did not take account of the volume in which the particles 
existed. Thus, they were unable to make transitions across the three levels of chemical 
thinking; namely, the macroscopic (volume of water), sub-microscopic level (particles in 
solution) and symbolic level (manipulation of the mathematical aspect involved, C=n/V, 
where C=concentration, n=number of particles and V=volume of solution). 
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In some cases learners failed to express themselves precisely. They lack the chemical 
language. Learners struggled to come up with meaningful justifications at times. This may be 
due to the fact that most multiple choice tests do not require them to explain their choices. 
The use of explanations by learners would enable the teacher to gain insights into their 
understanding of the content of the chemistry discipline.  It is also true that some learners 
relied on guessing to get multiple choice responses right. This was very evident in cases 
where unpalatable explanations were given for the correct responses in this study. 
It can also be concluded that grade 10 physical science learners do not clearly understand the 
behaviour of ionic compounds in water. Learners do not understand that when an ionic 
compound such as sodium chloride dissolves in water, ions are simply separated into the ratio 
they were in before the dissolution process. For example, learners do not understand that 
when sodium chloride dissolves in water, ions (Na+ and Cl-) are simply separated into the 
ratio (1:1) they were in before the dissolution process and are surrounded by the water 
molecules. It can be concluded that learners found it extremely difficult to make transitions 
across the three levels into which chemical concepts are conceptualised. They think that the 
aqueous solution of sodium chloride contains molecules of undissolved sodium chloride. This 
is in line with what Devetak, Vogrinc, and Glazar, (2009) observed in their study of grade 8 
and 9 pupils’ knowledge of electrolyte chemistry and their intrinsic motivation. This implies 
that learners could not connect the macroscopic (dissolution) level to sub-microscopic 
(separate ions in solution) and then to the symbolic (NaCl(s) → Na+ (aq) + Cl-(aq)) level. Most 
learners remained trapped in the macroscopic (undissolved sodium chloride) and the 
symbolic levels; hence they could not imagine separate ions in solution, thus they could not 
connect these two levels to the sub-microscopic (particles in solution) level.  This is 
illustrated in Figure 5.8: Response to question 5 of the TBCK below. 
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Figure 5.8: Response to question 5 of the TBCK 
 
 
Figure 5.8: Response to question 5 of the TBCK shows a typical response where the 
respondent could not move between the macroscopic level (sodium chloride formula units 
referred to by the respondent as molecules) and the sub-microscopic level (Na+ and Cl+ ions 
in solution), hence the respondent could not identify the correct sub-microscopic diagram. 
The respondent does not realise that sodium chloride is an ionic compound and not a covalent 
compound, hence the dissolution process became difficult to imagine. Figure 5.6: Response 
to question 5 of the TBCK shows the general reasoning among the 47.3% (26 out of 55 
respondents) who chose option E of question 5 of the TBCK. 
Because they could not connect the three levels, they were unable to solve the problem. This 
finding also lead to the conclusion that learners did not understand the concept of chemical 
bonding in ionic compounds as some of them thought that sodium metal had a valency of 
two, assigning two chloride ions to one sodium ion. This was the understanding exhibited by 
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those who chose option D (sodium atom joined to two chloride atoms) of the task. This is 
also supported by Devetak (2005), when he noted that similar misconceptions are also 
common among the secondary school students and university students alike (Devetak, 
Urbancic, Wissiak Grm, Krnel, & Glaser, 2004; Onwu and Randall, 2006; Potgieter, 
Davidowitz, & Venter, 2008).   
5.2 Summary 
From the results of this study discussed in the preceding chapter, it also became abundantly 
clear that learners found it difficult to solve concentration problems in chemistry. They were 
not familiar with the concept of concentration (particles per unit volume). They lacked the 
mathematical (symbolic level) concept of concentration. Learners did not think logically as 
they could not relate number of solute particles to volume. This, therefore, suggests that there 
is a cognitive gap between mathematical representations and chemical representations that 
are presented as sub-microscopic representations. The concept of concentration is therefore 
not always apparent to students as they could not apply the concept of proportional reasoning 
to the problem. This observation is similar to that of Devetak, Urbancic, Wissiak Grm, Krnel, 
& Glaser, (2004) and Devetak, Vogrinc, and Glazar, (2009). Learners had to be familiar with 
the mathematical formula (c = n∕v or concentration = number of particles/volume) of 
calculating concentration and that concentration was a ratio between the solute and the 
solvent. This did not seem obvious to most of them. Majority of learners (80%) failed to 
solve the problem. They only concentrated on the number of particles ignoring the effect of 
the volume of the solution in which the particles were found, indicating that this was a 
difficult chemical concept to grade 10 physical science learners. As a result most of them 
chose option B which had the largest number of particles ignoring the large volume in which 
the particles existed. Learners were therefore unable to make transitions between 
macroscopic (dissolution of solute) level and sub-microscopic (separated particles in 
solution) level. This is in line with (Devetak, Vogrinc, and Glazar, 2009; Gilbert and 
Treagust, 2009; Treagust et al, 2010; Umesh and Aleyama, 2012) who also noted similar 
results. 
Most learners seemed to be unfamiliar with the use of pictorial diagrams that depict matter at 
sub-microscopic level. Nevertheless, it remains not clear whether the learners did not have 
173 
 
the knowledge of the concepts tested but it was very clear that the learners were not used to 
the teaching and assessment that required the use of sub-microscopic representations in the 
form of pictorial diagrams. Focus group discussions (FGD) and teacher interviews confirmed 
that teachers do not explain sub-microscopic diagrams and learners are often left to interpret 
pictorial diagrams by themselves, meaning that they are unable to deduce meaning from 
them; hence they could not make connections between all the three conceptual levels. 
Justifications to responses had higher failure rates than those of the multiple choice tasks. 
Majority of those who got multiple choice responses correct, got the justifications wrong 
indicating the way they reason, thus they mostly relied on guessing. This is evidence that 
teachers do not teach for understanding but instead they drill learners for examinations. Some 
justifications were out of context suggesting a number of issues: lack of understanding of 
chemical concepts, lack of understanding of the task problem, language barrier problems, and 
lack of experience in the usage of sub-microscopic representations, the way the learners were 
taught and lastly, guess work.  
The out of context justifications were non-scientific, indicating lack of knowledge in the 
concepts tested and inexperience about chemical diagrams. Some learners did not understand 
the task requirement, for example, some students repeated parts of the task statement, such as, 
“Water molecules omitted for clarity”. Some learners did not understand what that meant at 
all. Research (Gilbert and Treagust, 2009; Treagust et al, 2010) suggests diligent usage of 
chemical diagrams. This seems to suggest that there is a cognitive gap between chemical 
concepts and their representations and as such careful teaching strategies to bridge the gap 
must be sought.  Language problems were very evident as some students struggled to put 
forward their ideas in an understandable way. Although English is the medium of instruction 
in all the schools which participated (inclusive of the population) in the study, most learners 
could not express their ideas clearly. The researcher struggled at times to make sense of what 
some learners were giving as their justifications, indicating language barrier problems on the 
part of the learners. In addition, some justifications indicated that some of the students were 
seeing sub-microscopic representations for the very first time, suggesting the way they were 
taught; chemistry explained in descriptive notes and chemical symbols, with no reference to 
sub-microscopic representations. This is supported by evidence gathered through FGD’s and 
document analysis. Some students actually said, “This is the first time that we have been 
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asked to give reasons for multiple choice test answers. But it makes you think out of the box”. 
This is probably why there was strong evidence of guessing the correct response by most 
learners. Although guessing is common with multiple choice questions, the level of guessing 
in the TBCK was very high, signalling serious pedagogical challenges that are being faced by 
both the teacher and the learner in most schools. This is why the higher multiple choice 
scores did not tally with the lower justification scores when the analysis was made. Some 
learners gave wrong reasons for correct answers, indicating either guess work or language 
barriers both in English or the chemical language (pictorial diagrams). Pictorial diagrams are 
used to represent both sub-microscopic particles and the symbolic language in the teaching 
and learning of chemical concepts. The evidence gathered from the justifications to the 
responses by learners appeared to suggest that teachers do not normally ask for justifications 
nor do they offer explanations for multiple choice questions. Learners showed that they were 
very inexperienced in the usage and interpretation of sub-microscopic representations. 
5.3 Conclusion  
The results revealed that most Grade 10 learners find it easy to identify pure elements and 
states of matter but find it difficult to negotiate between the three levels of chemical 
representation of matter when dealing with concepts of molecular elements, compounds, 
concentration and solution chemistry. It became clear that these concepts are not always 
apparent to learners. For example, majority of learners had very low achievement scores in 
tasks that involved these concepts. Analysis of justifications to multiple choice tasks revealed 
language problems as most learners could not express themselves in English and this brought 
down the level of achievement in the TBCK test by most learners. Justification scores were 
generally lower than scores in the multiple choice responses indicating that learners were not 
used to this type of questioning (two-tier). In addition, majority of the learners who got 
correct responses did not have correct justifications indicating the way they reasoned, thus 
they relied mostly on guessing. This could be a pointer that many teachers teach learners for 
examinations rather than understanding of the concepts. However, majority of the learners 
pointed out that this was their first time to have been assessed in this way (asking for 
justifications), thus suggesting that methods of instruction are not incorporating the use of 
sub-microscopic representations and the reasoning thereof.  
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Focus Group Discussions revealed that very few experiments were carried out during the 
teaching and learning process of basic chemical concepts and this left learners imagining 
what the teacher had to say most of the times. It appears as if this is the reason why most 
learners could not make connections between macroscopic phenomena, sub-microscopic and 
symbolic representations. In fact, the learners said that they preferred this method of teaching 
and assessment to the old traditions their teachers were using. Learners pointed out that this 
method of teaching and assessment was more exciting and could probably enhance their 
understanding of chemical concepts. They further pointed out that although new textbooks 
are using pictorial diagrams, teachers do not explain what the diagrams mean. Contrary to 
what the learners said, teachers said that they were not using this type of teaching and 
assessment arguing that examinations did not have many, such type of questions. It therefore 
suggests that teachers are teaching for examinations and not for the conceptualisation of 
concepts. In addition, teachers interviewed expressed little confidence in the usage of 
pictorial diagrams indicating that they lacked pedagogical content knowledge in the teaching 
of the topics of the particulate nature of matter, concentration and solution chemistry.  
It is therefore concluded that learners find it difficult negotiating the three levels of chemical 
representation of matter. However, it is not clear whether the misconceptions the learners 
showed could be completely attributable to the concepts involved or the nature of the sub-
microscopic models that were used in the test as it was also revealed that many teachers were 
not using similar sub-microscopic representations during instruction to enable learners to 
think at particle level. Finally, these findings seem to suggest that this way of teaching and 
evaluating basic chemical concepts using sub-microscopic representational models is a fairly 
new approach to many teachers in South Africa. This therefore calls for more research of this 
nature in South Africa. Teachers are unfamiliar with this new way of teaching and assessing 
concepts. This way of learning and teaching is rarely practised in our secondary schools 
Devetak, Urbancic, Wissiak Grm, Krnel, & Glaser (2004). 
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5.4 Limitations of the study 
The intended 100% sample of the study (n=300) was not possible to achieve and instead, a 
sample of 280 learners (about 93, 3 %) was achieved. This was due to poor organisation at 
one of the schools, the researcher managed to get only 30 participants instead of 50, hence the 
discrepancy. Going back for those learners the next day would have compromised the 
legitimacy of the test (TBCK). In addition, three of the six teachers to be interviewed rejected 
the request and repeated efforts to interview them were fruitless. This meant serious financial 
implications to the researcher as double or treble trips were done in order to find the teachers 
to be interviewed. 
5.5 Contribution to Knowledge 
In addition to existing knowledge, that models must be in the domain that the student is 
familiar with (the domain in which students do not have any misconceptions and have 
developed hypothetical and deductive reasoning), it appears that little attention has been paid 
to the fact that particle models we use to explain the particle theory of matter are models of 
models, which in the scope of this study is thought to complicate chemical concepts further. 
Explaining a model (atomic model) using another model (sub-microscopic representations) is 
a daunting task and this tends to bring complexity to the teaching and learning of chemistry. 
In the first place as Kourany (2000) rightly raises the question “Do the theories of science 
give a literally true picture of what the world is? And secondly, do the entities really exist?” 
Our awareness of this debate helps us to understand that though the recommendation of use 
of models to help learners to understand taught concepts should be done cautiously. This is so 
against the view that theories models/analogues are only devices or ways of explaining reality 
but not reality themselves. If we shortly visit the debate about the truth of theories in the 
philosophy of science between the realists and anti-realists we realise the complication of the 
issue (Kourany, 2000). For example, history has shown that we have used theories in some 
cases for even a thousand years and discarded them and adopted new ones, which is evidence 
that theories are tentative. Teachers use a ‘one-basket’ approach, meaning they treat theories 
and models as well as the entities at sub-atomic level (the unobservable) as if they are 
absolute truths. The end result is more misconceptions. While we are using models we must 
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accept that they are so far the only best possible means of achieving our goal to solve the 
misconceptions. When teachers use these to explain chemical concepts they must understand 
the philosophy of instrumentalism (their own instruments) that the models and theories are 
not the truth themselves. This study confirms this philosophy, as some students 
misconceptualised the representations in the diagrams as the real atoms. In view of this fact, 
teachers should organise learning in a manner that allows concept development (simple to 
complex) starting with the macroscopic level (real and observable), followed by the sub-
microscopic level (abstract, real but not observable in form of particles) and the symbolic 
level (abstract in form of chemical symbols and formulae, chemical equations, and 
mathematical representations). Teachers should not have this order the other way round as 
that would lead to no concept development and conceptual change. 
 5.6 Recommendations and Implication for Chemistry Education 
It is against the above mentioned background in the discussions section that the following 
suggestions or recommendations are made: 
 Teachers should try to include the use of sub-microscopic representations in order to 
simplify the abstract chemical ideas about the particle theory of matter; teachers should be 
diligent about the use of sub-microscopic representations as these are models of an already 
abstract model (atomic model); teachers should try and help learners make connections 
between the three levels of chemical thinking when teaching chemical concepts (thus 
scaffolding the learner) in order to develop a mental model in the learner about the particle 
theory.   
Teachers should provide learners with opportunities to carry out experiments (macroscopic 
level) involving basic concepts about the particulate nature of matter themselves and allow 
them to discuss their observations in terms of particles. In addition, teachers should carry out 
demonstration experiments and discuss these in terms of the three levels of chemical 
conceptualization in class. This will enable learners to realize the connections that exist 
between the three levels of matter and will probably enhance their chemical understanding. 
Teachers are also encouraged to use two-tier multiple-choice activities when teaching and 
assessing basic chemical concepts. Thus, the use of multiple-choice questions that require 
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learners to justify their responses reveals learners’ levels of understanding in a more sensitive 
way. For example in this study, some learners gave incorrect justifications in trying to explain 
their choices, indicating lack of understanding. In some cases learners gave justifications 
corresponding to the correct response for the incorrect response, indicating total confusion 
(misconceptions) among them. Justifying choice of responses will help both learners and 
teachers to identify conceptions that are not compatible with science community knowledge. 
Knowing learners conceptions about a particular concept helps the teacher to; guide learners 
toward meaningful conceptual change; and prepare future lessons for the next classes. 
Learner activities must be organized in a way that takes into consideration learners’ 
conceptions similar to the ones that have been revealed in this study. 
As already mentioned, in the view of the researcher, sub-microscopic representations are 
models of models (atomic or particle theory models) and this aspect is a problem in itself. In 
other words they are models of an already abstract model based on the atomic theory and this 
seems to be the most confusing part of sub-microscopic representations as chemical 
explanations rely on the atomic theory of matter upon which the particle level is based.  This 
is in line with Davidowitz and Chittleborough (2009) when they point out that it is not yet 
possible to see how atoms interact, thus the chemist relies on the atomic theory of matter on 
which the sub-microscopic level is based.  
South African education system should provide relevant teacher support materials which 
include training in the use of sub-microscopic representations; teacher education programmes 
should lay emphasis on the constant interplay between chemical phenomena (macroscopic 
events), sub-microscopic and symbolic representations as most teachers are not confident in 
the usage of such representations.  
The South African chemistry curriculum should include a hands-on practical examination 
(macroscopic level) on chemical concepts from grade 10 to12 as this would probably enhance 
learners’ understandings (at present,  only symbolic representations are predominantly used 
in South African schools) about the macroscopic world. In addition, considerations to 
streamline the chemistry curriculum should be made. 
179 
 
Teacher Education (Universities) should include in their chemistry programmes, courses 
that prepare pre-service teachers for using multi-representational views (use of sub-
microscopic representations in the form of pictorial diagrams, computer simulations and 
animations) approach. This will ensure the starting point for the development of teachers’ 
pedagogical content knowledge in the teaching of chemical concepts. Furthermore, 
universities and other teacher education institutions should take part in chemistry curriculum 
planning and development, as this would ensure alignment of chemistry teacher training with 
chemistry curriculum planning and development. 
Chemistry Education Research Field; more research about use of sub-microscopic 
representations, as a tool for teaching and evaluating chemical concepts is needed as these 
representations are models of models (atomic models) based on a very abstract atomic theory. 
However it is not clear about why the learners found it difficult. It could be that learners did 
not understand the concepts or they were not used to assessment approaches that made use of 
sub-microscopic representations. The inability of students could also be arguably attributed to 
problems associated with use of a model (chemical representation) to explain another model 
(based on atomic theory) as this could actually complicate chemical understanding. For, 
example, some learners in this study saw the pictorial diagram entities as the actual and 
moving atoms (indication of confusion).  . 
Furthermore, research on how novice learners view matter before instruction is needed. This 
probably will help the field to identify learners’ phenomenological and epistemological 
beliefs about the structure of matter. This will also help teachers to develop strategies that 
will narrow the cognitive gap that exists between students’ prior chemical knowledge and 
that chemical knowledge which is accepted by the chemistry community. Research about 
students’ epistemological views towards theories, models and sub-microscopic entities is 
strongly advised. 
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APPENDICES 
Appendix (I) 
Test of Basic Chemical Knowledge (TBCK) 
Instructions: 
1. Attempt all questions. 
2. Encircle the letter corresponding to your answer only, for example A or B or C or D. 
3.  Write your reasons (justifications) in spaces provided. 
Duration: 1 hour 
Question1. Study the diagrams and key below and answer questions that follow. 
 
 
 
 
 
Key: Refer to table below in order to answer questions (a) and (b) which follow.  
Description of Symbol (circle) 
 
Representing the following 
Single circle (shaded or not shaded). 
 
An atom of an element. 
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Two same sized and joined circles.   A molecule of an element. 
Two or more different sized circles joined 
together. 
A molecule of a compound. 
 
Question instructions: 
Refer to diagrams A-D to answer the following questions. Encircle only the letter 
corresponding to the diagram. 
1.0 Identify each of the above drawings/schema as 
 
 1.1 a pure element; A or B or C or D 
Give a reason for your 
choice_______________________________________________ (2) 
1.2  a pure compound; A or B or C or D 
Give a reason for your 
choice________________________________________________(2) 
 
 1.3  a mixture of elements; A or B or C or D 
Give a reason for your 
choice______________________________________________(2) 
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            1.4  a mixture of compounds; A or B or C or D 
Give a reason for your 
choice_________________________________________________(2) 
 
                           1.5  Which of the diagrams is most likely to be a solid? A or B or C or D 
 
 Give a reason for your      choice______________________________________________(2) 
Question 2 
 
 
 
 
 
 
            (2) 
Question 3 
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__________________________________________________________(2) 
Question 4 
 
 
 
 
 
 
 
            (2) 
Question 5 
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            (2)
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Appendix (II) 
Test of Basic Chemical Knowledge Analysis Key 
Task Q1.1 Key: the letter in BOLD print is the correct response. 
Q 1.1 A B C D None 
No. of 
learners who 
responded 
47 2 2 4 0 
Percentage 
(%) 
85.5% 3.6% 3.6% 7.3% 0 
 
Justification: A; Particles are the same size 
Task Q 1.2 Key: the letter in BOLD print is the correct response 
Q 1.2 A B C D None 
No. of learners 
who responded 
3 8 13 31 0 
Percentage (%) 5.5% 14.5% 23.6% 56.4% 0 
Justification: D; compound particles or molecules look the same (each particle is made up 
one big circle and two small shaded circles) 
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Task Q 1.3 Key: the letter in BOLD print is the correct response 
Q 1.3 A B C D None 
No. of learners 
who responded 
1 12 33 9 0 
Percentage (%) 1.8% 21.8% 60% 16.4% 0 
 
Justification: C; made up of two types of particles (one of single or mono-atomic unshaded 
circles and the other made up of two same sized or diatomic and shaded and bonded circles  
Task Q 1.4 Key: the letter in BOLD print is the correct response 
Q 1.4 A B C D None 
No. of learners 
who responded 
0 28 12 15 0 
Percentage (%) 0 50.9% 21.8% 27.3% 0 
 
Justification: B; made up of two types of particles (one with two atoms joined and the other 
with three atoms joined). 
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Task Q 1.5 Key: the letter in BOLD print is the correct response 
Q 1.5 A B C D None 
No. of learners 
who responded 
39 3 4 7 2 
Percentage (%) 70.9% 5.5% 7.7% 12.7% 3.2% 
 
Justification: A; particles are uniformly (regular packing) and closely packed. 
Task 2 (Q 2) Key: The letter in BOLD print is the correct response 
 Q  2 A B C D None 
No. of learners  
who responded 
9 30 4 12 0 
Percentage (%) 16.4 54.5% 7.3% 21.8% 0 
 
Justification: B; Equal numbers of hydronium ions and chloride ions. 
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Task 3 (Q 3) Key: The letter in BOLD print is the correct response 
Q 3 A B C D None 
Number of learners 
who responded 
6 14 15 20 0 
Percentage (%) 10.8% 25.5% 27.3% 36.4% 0 
 
Justification: D; presents of hydroxide ions in solution. 
Task 4 (Q 4) Key: The letter in BOLD print is the correct response 
Q 4 A B C D E None 
No. of learners 
who responded 
6 27 6 6 7 3 
Percentage (%) 10.9% 49.1% 10.9% 10.9% 12.7% 5.5% 
 
Justification: D; solute to solvent ratio is the largest (4 particles dissolved in half the 
volume). 
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Task 5 (Q 5) Key: The letter in BOLD print is the correct response 
Q 5 A B C D E None 
No. of learners who 
responded 
7 2 5 15 26 0 
Percentage (%) 12.7% 3.6% 9.1% 27.3% 47.3% 0 
 
Justification: C; Equal numbers of chloride and sodium ions 
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Appendix (III) 
Raw data for all schools’ respondents 
Table appx1: [TBCK score analysis for school No. 1’s respondents] 
Sc
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ol
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%
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re
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1 33 √ X √ X √ X √ X √ √ X X X X X X X X 
 50 √ √ X X x X √ √ √ √ √ √ X X √ X X X 
 44 √ √ X X √ X √ X √ √ √ X X X √ X X X 
 17 √ X X X X X X X √ √ X X X X X X X X 
 39 √ X √ √ X X X X √ √ X X X X √ √ X X 
 28 √ √ X X X X X X √ √ √ X X X X X X X 
 61 X X √ √ √ X √ √ √ √ √ X X X √ √ √ √ 
 56 √ √ √ X X X √ √ √ √ X X √ X √ √ X X 
 39 √ √ X X √ X X X √ √ √ X √ X X X X X 
 28 √ √ X √ √ X X X √ √ X X X X √ X X X 
 17 √ X X X √ X X X X X √ X X X X X X X 
 28 √ X X X X X X X √ √ √ X √ X X X X X 
 50 √ √ √ X √ X √ √ √ √ √ X X X X X X X 
 39 X X √ √ X X √ √ √ √ X X X X √ X N N 
 28 √ √ X X X X X X √ √ X X √ X X X X X 
 33 X X X X X X √ √ √ √ X X √ X X X √ X 
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 22 √ √ √ X X X X X X X √ X X X X X X X 
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 50 √ √ √ X √ X √ X √ √ √ √ X X X X X X 
 56 √ √ √ √ √ √ √ √ √ √ √ X X X X X N N 
 33 √ X √ X X X X X √ √ √ X √ X X X X X 
 33 √ X √ X X X √ X √ √ √ X X X X X X X 
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  X Incorrect responses 
  N no response 
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Justifications Reasons/explanations 
to responses 
Figure appx 1: [TBCK score analysis per question for school 1’s respondents] 
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The above table and graph for school participant number 1 (low performing) clearly show 
that participants scored extremely well in questions Q 1.1 (88%) and Q 1.5 (88%). 
Justification scores to the same questions although lower than the multiple choice scores were 
fairly high as well. Notably, Q 1.5 score was the same as its justification score. Question Q 
1.1 required participants to identify the pictorial diagram (schema) that depicted a pure 
element whilst question Q 1.5 required them to identify the pictorial diagram that depicted a 
substance in its solid form. Diagram A of task 1 is the same schema for both items (Q 1.1 and 
1.5) that they needed to identify. It therefore appears that the concepts of pure elements and 
the kinetic molecular theory of matter were easily conceptualised by the participants during 
instruction.  
However, the case was different with the rest of the tasks with the majority of the participants 
scoring lowest in Q 5 as well its justification. Generally, all justification scores were lower 
than the multiple choice scores for all tasks and in the case of Q 3 no participant got the 
correct justification. Notably, it appears as if participants were n’ot used to questions that 
required them to give explanations to multiple choice questions. Task Q 3 required 
participants to identify the schema that represented an aqueous solution of a base whereas Q 
5 required them to identify the schema that depicted an aqueous solution of sodium chloride. 
Interestingly, participants scored higher (59%) in task 2 (Q 2) which required them to identify 
the schema that represented an aqueous solution of hydrochloric acid at the particle level 
even though the tasks (Q 2, Q 3, Q 4 and Q 5) demanded similar levels of conceptualization, 
thinking at particle level about solutions and chemical reactions. Hence it appears that those 
who got correct responses to Q 2, Q 3, Q 4 and Q 5 had put their trust in luck (guess work). 
For example, analyses of some of the unpalatable justifications indicated that some 
participants resorted to guessing, with no conceptual understanding at all. For example, in Q5 
no justifications were given for both correct and wrong responses. 
Tasks Q 1.2, Q 1.3 and Q 1.4 were more difficult than Q 1.1 and Q 1.5 although they were all 
in the same category. These tasks required participants to identify atoms, elements in general, 
molecular elements, molecular compounds and the states of matter. These tasks had similar 
conceptual level demands, differentiating between atoms, elements, molecules and states of 
matter. It can therefore be concluded that learners find it is easier to understand pure elements 
but it becomes increasingly difficult as one develops the concept to higher order thinking 
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levels when it involves molecular elements and molecular compounds. This is probably 
because molecular elements and molecular compounds require the understanding of chemical 
bonding, thus these concepts become difficult to comprehend. Overally, school no.1 
participants scored an average of 36%. This is a worrisome observation as it means that the 
majority of the participants did not score above 50%. Only a few participants (22%) got 
scores above 50%. 
Table appx 2: [TBCK score analysis for school No. 2’s repondents] 
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2 11 √ X X X X X X X X X √ X X X X X X X 
  78 √ √ √ X √ √ √ X √ √ √ √ √ √ X X √ √ 
  78 √ √ √ √ √ √ √ √ √ √ √ √ X X X X √ √ 
  28 X X X X X X √ X √ √ √ X X X √ X X X 
  33 X X √ √ √ X √ X √ √ X X X X X X X X 
  33 √ X X X X X √ √ X X √ √ √ X X X X X 
  33 √ √ √ X X X √ X √ √ X X X X X X X X 
  39 X X √ √ X X √ X √ √ X X X X X X √ √ 
  33 √ √ X X √ √ X X √ √ X X X X X X X X 
  17 √ X X X X X X X X X X X X X X X √ √ 
  28 √ X X X √ X X X √ √ X X √ X X X X X 
  28 √ √ X X X X X X √ √ X X X X X X √ X 
  33 √ X √ X √ X √ X √ √ X X X X X X X X 
  22 X X X X X X √ X √ X √ X √ X X X X X 
  28 √ √ X X √ X X X √ √ X X X X X X X X 
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  33 √ X X X √ X X X √ √ √ X √ X X X X X 
  22 √ X X X X X X X √ √ √ X X X X X X X 
  22 √ X X X X X X X √ √ √ X X X X X X X 
  56 √ √ √ X √ √ √ √ √ √ X X √ X X X X X 
  44 √ √ √ X √ √ √ X X X √ X √ X X X X X 
  33 √ √ √ X √ X √ X X X X X X X √ X X X 
  50 X X √ X X X √ √ √ √ √ X √ X X X √ √ 
  11 √ X X X X X X X X X √ X X X X X X X 
  39 √ √ √ X √ X √ X √ √ X X X X X X X X 
  33 √ X X X X X X X √ √ √ X X X √ √ X X 
  56 √ √ √ X √ √ √ X √ √ √ X √ X X X N N 
  28 √ X X X X X X X √ √ √ X √ X X X X X 
  33 √ X √ √ X X √ X X X √ X √ X X X X X 
  50 √ √ √ √ √ X √ √ √ √ X X X X X X X X 
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  44 √ √ X X X X √ √ √ √ √ X X X X X √ X 
  44 √ √ √ √ X X X X √ √ √ √ X X X X X X 
  22 √ X X X X X X X √ √ √ X X X X X X X 
  33 √ √ √ X X X X X √ √ √ X X X X X X X 
  33 √ √ X X X X X X √ √ √ X X X √ X X X 
  39 √ X X X √ √ X X √ √ X X √ X √ X X X 
  44 √ X √ √ √ X √ X √ √ √ X X X X X X X 
  39 √ X √ X X X √ X √ X √ X √ X X X √ X 
  28 √ X √ X √ X √ X X X X X √ X X X X X 
  50 √ √ √ X √ X √ X √ √ √ X √ X X X X X 
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  50 √ X √ X √ √ √ X √ √ √ √ X X X X X X 
  39 √ X √ X √ X √ X X X √ X √ X X X X X 
  22 √ X X X √ X X X X X X X √ X √ X X X 
  22 √ √ X X X X X X √ X √ X X X X X X X 
  50 √ √ √ √ √ X √ X √ √ X X √ X X X X X 
  33 √ X X X X X X X √ √ √ √ √ X X X X X 
  28 √ X X X X X √ X √ X √ X X X X X √ X 
  28 √ X X X X X √ X √ √ X X X X X X X X 
  33 √ √ √ X X X X X √ √ √ N X X X X X X 
  33 √ X X X X X X X √ X √ X √ X X X X X 
  39 √ √ X X X X √ X √ √ √ X √ X X X X X 
  28 X X √ X √ X X X √ √ X X X X √ X X X 
  33 √ √ X X X X X X √ √ √ X √ X X X X X 
  50 √ √ √ √ √ X √ √ √ X √ X X X X X X X 
  28 √ √ X X X X X X √ X √ X √ X X X X X 
  39 X X X X √ √ √ √ √ √ X X √ X X X X X 
  56 √ √ √ √ √ X √ √ √ √ √ X X X X X X X 
  56 √ √ √ √ √ √ √ X √ X √ X √ X X X X X 
  28 X X √ √ X X √ X √ √ X X X X X X X X 
  17 √ X X X X X X X √ √ X X X X X X X X 
  33 √ X X X √ √ X X √ √ √ X N N X X X X 
  33 X X X X X X X X √ √ √ √ X X √ √ X X 
  39 √ √ √ X X X X X √ √ √ √ X X X X X X 
  56 √ x √ √ √ X √ X √ √ √ X X X X X √ √ 
 
39 √ √ √ √ X X X X √ √ √ X X X X X X X 
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Figure appx 2: [TBCK score analysis per question for school 2’s respondents] 
 
School 2 is one of the low performing schools. The table and the graph for school no. 2 depict 
similar performance trends to those of school no.1 (also low performing) with slight 
variations here and there. Their average scores were 37% and 36%, respectively. For 
example, school 2 performed better in some questions (Q 1.1 and Q 1.5) and worse in the 
others. Although school 2 had higher scores on the multiple choice task, their justification 
scores were lower than those of school 1 with respect to Q 1.1 and Q 1.5. The fact that the 
two schools have similar performance trends (similar graphs) in the way their grade 10 
physical science learners reason about basic chemical phenomena is a cause for concern in 
this study. This is testimony that the teaching and learning of physical science in the schools 
studied lacks use of sub-microscopic representations. According to Devetak, Urbancic, 
Wissiak Grm, Krnel, & Glaser, (2004), students who are exposed to sub-microscopic 
representations during instruction tend to understand and perform better when solving 
problems that require them to reason at particle level. 
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Table appx 3: [TBCK score analysis for school No. 3’s respondents] 
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3 28 √ √ X X √ X X X √ √ X X X X X X X X 
  39 √ √ √ √ √ X √ X √ X X X X X X X X X 
  17 X X X X √ X X X √ √ X X X X X X X X 
  33 √ X X X √ X X X √ √ √ X √ X X X X X 
  50 √ X X X √ X X X √ X √ √ √ √ X X √ √ 
  44 √ X √ √ √ √ X X √ X √ X √ X X X X X 
  44 √ X √ √ √ X √ X √ X √ √ X X X X X X 
  44 √ √ X X √ X X X √ √ √ X X X √ √ X X 
  17 √ X X X X X X X √ X X X X X √ X X X 
  28 X X √ X √ X X X √ √ X X √ X X X X X 
  56 √ √ √ √ √ √ √ √ √ X √ X √ X X X X X 
  67 √ √ √ √ √ X √ X √ √ √ √ √ X √ X X X 
  33 √ √ X √ X X X X √ √ √ N X X X X X X 
  11 X X X X X X X X √ √ N X N X X X X X 
  44 √ √ √ √ √ X √ X √ √ X X X X X X X X 
  28 X X X X X X X X √ X √ X √ X X N √ √ 
  22 X X X X X X √ X √ X √ X √ X X X X X 
  28 √ X √ X √ X √ X X X X X √ X X N X X 
  28 √ X X X √ X √ X X X √ √ N N N N N N 
  44 √ √ √ √ X X √ X √ √ X X √ X X X X X 
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  33 √ X √ X √ X √ X X X X X √ X X X X X 
  39 √ X √ X √ X √ X √ √ √ X X X X X X X 
  28 √ X X X X X √ X √ √ X X X X X X X X 
  39 √ X √ √ √ X √ X X X √ X X X X X √ X 
  28 √ X X X √ X X X √ X √ X √ X X X X X 
  22 √ X X X X X X X √ √ X X √ X X X X X 
  39 √ X X X X X X X √ √ √ X √ X √ X X X 
  39 √ √ X X √ X X X √ √ √ X √ X X X X X 
  28 X X √ X √ X X X √ X √ X √ X X X X X 
  6 √ X X X X X X X X X X X X X X X X X 
  17 X X X X X X X X √ √ √ X X X X X X X 
  28 X X X X √ X √ X X X √ √ √ X X X X X 
  28 X X X X √ X X X √ √ √ X X X √ X X X 
  11 X X X X X X X X X X √ X √ X X X X X 
  22 √ X X X √ X X X X X √ X √ X X X X X 
  22 √ X X X X X √ X √ √ X X X X X X X X 
  28 √ X X X X X X X √ √ √ √ X X X X X X 
  44 √ √ √ √ X √ X X √ √ √ X X X X X X X 
  17 √ X X X X X √ X √ √ X X X X X X X X 
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√ 33 11 16 11 24 3 17 1 34 24 27 7 19 1 6 1 3 2 
X 10 32 27 32 19 40 26 42 9 19 15 35 21 40 35 38 38 39 
N 0 0 0 0 0 0 0 0 0 0 1 1 3 2 2 4 2 2 
No. of 
Learner
s 
43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 43 
%
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  77 26 37 26 56 7 40 2 79 56 63 16 44 2 14 2 7 5 
                                      
%
Fa
il                                       
  23 74 63 74 44 93 60 98 21 44 37 84 56 98 86 98 93 95 
 
Figure appx 3: [TBCK score analysis per question for school 3’s respondents] 
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School 3 (average performing) participants’ performances’ were slightly different from those 
of schools 1 and 2 (low performing). Although there are variations when the performances 
are compared the graph above looks a replica of those of the first two schools. School 3’s 
average test score was 31%, well below the sample average of 37%, in fact this was the 
lowest. However, similar trends are clearly seen in the preceding graph. Participants did well 
in tasks Q1.1 and Q1.5 and poorly in Q4 and Q5. With respect to Q3, surprisingly, school 3 
performed better (44%) than school 1 (28%) while school 2 scored slightly lower (43%) than 
school 3. School 3 scored higher (56%) than both schools 1 and 2 (low performing) that 
scored 53% and 51%, respectively, in Q3. Nevertheless, a similar pattern in the 
understanding of concepts tested is evident all schools. 
Table appx 4: [TBCK score analysis for school No. 4] 
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4 17 √ X X X √ X X X X X X X √ X X X X X 
  33 X X X X √ X √ X √ √ √ X √ X X X X X 
  22 √ √ X X X X X X √ X √ X X X X X X X 
  67 √ √ √ √ √ √ √ √ √ √ √ N √ N X N N N 
  28 √ X X X √ X X X √ √ √ X X X X X X X 
  61 √ √ √ X √ √ √ √ √ √ X X √ √ X X X X 
  28 √ X X X X X √ X √ √ √ X X X X X X X 
  28 √ √ X X √ X X X X X √ X X X X X √ X 
  33 X X X X √ X √ X √ √ √ X √ X X X X X 
  33 √ X √ X √ X √ X √ X √ X X X X X X X 
  50 √ √ √ √ √ X √ X √ X √ X √ X X X X X 
  28 √ X √ X √ X X X √ √ X X X X X X X X 
  33 √ X X X √ √ X X √ √ √ X X X X X X X 
  33 √ X X X √ X X X √ √ √ X √ X X X X X 
  33 √ √ X X X X X X √ √ √ N √ X X X X X 
  17 X X X X X X X X √ √ √ X X X X X X X 
  33 √ X X X √ √ X X √ √ X X X X √ X X X 
  67 √ √ √ √ √ √ √ √ √ √ √ X X X X X √ X 
  44 √ √ X X √ √ X X √ √ √ X √ X X X X X 
  44 √ √ √ X √ X √ X √ √ X X X X X X X X 
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  17 √ X X X X X X X √ √ N X N X X X X X 
  44 √ √ √ √ X X X X √ √ X X X X √ √ X X 
  56 √ √ √ √ √ X √ X √ √ √ X √ X X X X X 
  50 √ √ X X √ X X X √ √ √ √ √ X √ X X X 
  28 √ √ X X √ X X X √ X X X √ X X X X X 
  17 √ X X X X X X X √ X √ X X X X X X X 
  33 √ X X X √ X X X √ √ √ X √ X X X X X 
  11 X X X X X X X X √ √ X X X X X X X X 
  22 √ √ √ X √ X X X X X √ X X X X X X X 
  39 √ X X X √ X X X √ √ √ X X X √ √ X X 
  50 √ X √ X √ √ √ √ √ √ √ X X X X X X X 
  33 √ √ X X X X X X √ √ √ X √ X X X X X 
  50 √ X X X √ √ X X √ √ √ X √ X X X √ √ 
  50 √ X √ X √ X √ √ √ √ √ X √ X X X X X 
  67 √ √ √ √ √ X √ √ √ √ X X √ X X X √ √ 
  22 X X X X X X X X √ √ √ X √ X X X X X 
  39 √ √ X X √ X √ X √ √ X X √ X X X X X 
  33 √ √ X X X X √ X √ √ √ X X X X X X X 
  78 √ √ √ √ √ √ √ √ √ √ √ X √ X √ √ X X 
  56 √ √ √ √ √ √ √ √ √ √ X X X X X X X X 
  61 √ √ √ √ √ X √ X √ √ √ X X X √ √ X X 
  28 X X X X X X √ X √ √ √ X √ X X X X X 
  28 X X √ X X X √ X √ √ √ X X X X X X X 
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Figure appx 4: [TBCK score analysis per question for school 4’s respondents] 
 
Notably, school 4 did better than the first three schools. The school average test score was 
38%. Apparently, school 4 is one of the two average performing (better grade 12 results for 
the last five years) schools sampled in this study. Schools 3 and 4 (average performing) had a 
5% pass rate each in Q 5 which was lower than those of schools 1 and 2 (low performing) 
who scored 6% and 10%, respectively. Question Q 5 required participants to identify the 
schema that depicted an aqueous solution of sodium chloride. With respect to questions Q 
1.1, Q 1.3, Q 1.5 and Q 2, school 4 did better than all the first three schools, indicating better 
understanding in the concepts of atoms, molecular elements and the behaviour of 
hydrochloric acid and water.  
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Table appx 5: [TBCK score analysis for school No. 5’s respondents] 
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5 17 X X X X  X X X   X X X X X X X X 
 
61           X X  X X X X X 
 
28  X   X X X X   X X X X X X X X 
 
28   X X X X  X   X X X X X X X X 
 
17 X X X X X X X X   X X  X X X X X 
 
50    X X X      X  X  X X X 
 
39    X  X  X   X X X X X X X X 
 
61    X        X   X X X X 
 
50     X X      X X N X X X N 
 
33   X X   X X   X X X X X X X X 
 
56  X    X      X  N X X X X 
 
11   X X X N X X X X X X X X X X X X 
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44    X  X  X    X X X X X X X 
 
44    X  X     N N X X X X X X 
 
44    X  X   X X  N X N X N X N 
 
61  X    X     X X  X   X X 
 
61      X  X    X  X  X X X 
 
44   X X  X N N    X N N   X X 
 
72      X      X  X   X X 
 
39  X  X  X  X    X X X X X X X 
 
22 X X  X X X  X   X X X N X N X N 
 
22   X X X X X X   X X X X X X X X 
 
67          X X X  X   X X 
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78  X           X X  X   
 
67           X N X N   X X 
 
67           X X X X   X X 
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56      X      N X N X N X N 
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61      X     X X X X   N N 
 
33     X X X X    X X X X X N N 
 
28 X X X X X X      X X X X X X X 
 
44    N  N  X    X N N X X X X 
 
33   X X X X  X  X X X  N  X X X 
 
22 X X X X X X  X   X X X X X X  X 
 
11 X X X X X X  N X N  X X X X X X X 
 
44 X X X X X X       X X X X   
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Figure appx 5: [TBCK score analysis per question for school 5’s respondents] 
 
Results for school 5 (high performing) indicated above show a significant improvement (the 
highest average test score of 46%) over the rest of the schools, more so in Q 1 (Q 1.1 – Q 1.5) 
as a whole. Nevertheless the participants experienced problems in questions Q 2, Q 3, Q 4 
and Q 5. Surprisingly, school 5 (high performing) registered the highest number of no 
responses (42) to some of the items, especially item Q 3 which had 12 no responses. From the 
graph above, it is abundantly clear that the participants from school 5 had a sound 
background concerning concepts on atoms, elements, molecular (diatomic) elements, 
mixtures, compounds and the kinetic molecular theory of matter. However, the participants of 
this school experienced serious problems with items Q 3, Q 4 and Q 5 which required them to 
think at particle level about solutions. It appears that the concepts of solution chemistry and 
concentration are not always apparent to learners. They could not make connections between 
the three levels in which chemistry is conceptualised, namely, macroscopic, sub-microscopic 
and symbolic. For example in Q5, majority of students chose either option D or E which 
depicted sodium chloride in its formula unit form, as an intact compound (not dissociated) 
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indicating that they found it difficult to make transitions between the macroscopic and sub-
microscopic levels of chemical thinking. 
Table appx 6: [TBCK score analysis for school No. 6’s respondents]  
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6 17 x X x x  x X x   X x X x x x x x 
  39    x  x  x   X x X x x x x x 
  11  X x x  x X x x x X x X x x x x x 
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Figure appx 6: [TBCK score analysis per question for school 6’s respondents] 
 
School 6 TBCK average score (34%) was the second lowest after school 3 who scored the 
lowest average of 31%.  School 1 and school 2 were classified together ( as low performing), 
schools 3 and 4 ( as average performing) whilst schools  5 and 6 were put in one group ( as 
high performers) in terms of Grade 12 Physical science results according to the sample of this 
study. Although school 6 participants had the second lowest TBCK average score, their graph 
show trends similar to those in all other schools. The problems experienced by the 
participants were in many ways very similar. All schools had problems in solving all items 
except items Q 1.1 and Q 1.5. In fact, all the graphs look like replicas indicating a common 
  
%
Fa
ilu
re
 R
at
e 
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problem in the teaching and learning of chemistry in the population from which the sample 
came. 
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Appendix (IV) 
Interview Schedule 
Focus Group Discussion guide 
1) Are you familiar with the diagrams in the questions? 
2) Do teachers use these diagrams when they teach and assess you in the topics of the 
particulate nature of matter, elements, compounds, mixtures and solution chemistry? 
3) Were the topics introduced to you and if so how were they presented to you? Were 
they interesting? Explain why interesting or why not interesting. 
4) Do textbooks use this way of learning and assessment? 
5) Does this way of learning help you to understand the topics? Explain! 
6) How different is this way of teaching and assessment from the way you were taught 
and assessed? Explain! 
7) Why were problems (1.2, 1.3, 1.4, 2, 3, 4 and 5) difficult? (Reasoning on particle 
theory)  
8) Explain how NaCl behaves in water (reasoning on particle theory). Why was it 
particularly difficult? 
9) Why did some of you give wrong justifications for the correct answer? 
10) Do you like this way of assessment/and or teaching and learning chemistry? 
11) Suggest ways of learning these topics. 
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Chemistry teachers Interview Schedule 
1) Are you familiar with the use of pictorial diagrams to depict matter at particle level? 
2) Do you use this method for instruction and assessment in chemistry? Explain why? 
3) Do your reference textbooks use this way of teaching and assessment? 
4) Which textbooks do you use? 
5) Do you like this way of teaching and assessment of learners in these topics? 
6) What are some of the ways/strategies you use to teach and assess learners in these 
topics/concepts? 
7) Do you find these topics easy to teach and assess? How do you teach these concepts? 
8) Suggest ways of teaching these topics you consider to better than this way of 
teaching, learning and assessing chemistry learners. 
9) What differences and advantages do your ways have over this new way of teaching, 
learning and assessing chemistry learners?  
10) What could be the reasons why learners did not perform well (1.2, 1.3, 1.4, 2, 3, 4, 
and 5) 
11) What could be the reasons why some of your learners gave wrong justifications for 
the correct responses? 
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Appendix (V) 
Research Approvals 
 
1. University of South Africa: Ethical Clearance Letter and Letter of Introduction. 
 
 
 
 
 
2. Gauteng Department of Education: Research Approval Letter 
 
 
 
 
 
3. Research Instruments: Written Permission (I. Devetak) 
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